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ABSTRACT 
 
 
Innovative technologies to combat environmental pollution are a significant part of 
sustainability research due to their increasing economic and environmental impact. The present 
biological process-based research study described herein was conducted in three phases. It 
investigated the effects of rhamnolipid-enhanced soil washing (phase 1), bioremediation 
treatment using indigenous microorganisms (phase 2), and the effect of four specific 
environmental and nutritional conditions (phase 3) on the biodegradation of petroleum 
hydrocarbons (PHC) in drill cuttings and petroleum-contaminated soil obtained from sites in 
northeastern British Columbia. For phase 1, maximum PHC reduction recorded for total 
petroleum hydrocarbon (TPH) and the petroleum hydrocarbon fractions- F2, F3 and F4 
fractions was 58.5%, 48.4%, 63.5% and 59.8% respectively for petroleum-contaminated soil, 
and 76.8%, 85.4%, 71.3% and 76.9% respectively for drill cuttings. In phase 2, maximum PHC 
reduction of TPH, F2 and F3 fractions was 94.9%, 98.8% and 94.0% respectively for 
petroleum-contaminated soil and 82.6%, 94.9% and 59.5% respectively for drill cuttings 
following 50 days of rhamnolipid-mediated biodegradation treatment. Results from 
experiments conducted in phase 3 confirmed the importance of oxygen availability in 
biodegradation and indicated the inhibitory effects of excessive addition of biosurfactants and 
nutrients to hydrocarbon biodegradation treatments. Promising TPH degradation results were 
observed in conditions that normally slow down biodegradation. TPH degradation of 59.0%, 
59.8% and 56.7% were observed in experiments conducted at an average temperature of ‒7.46 
°C, and in waterlogged and air-tight conditions respectively. These results provide important 
insight on rhamnolipid-mediated biodegradation and indicate the high potential of rhamnolipid 
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washing and bioremediation treatments as a combined approach to reduce PHC to levels within 
regulatory standards.
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1.1 Environmental pollution 
Environmental pollution by petroleum hydrocarbons (PHCs) is a severe and widespread 
problem. Soil contamination by PHCs result in significant human health, plant life, animal and 
environmental effects with rising public concerns (Chien et al., 2011; Liu et al., 2011; Lai et 
al., 2009). Furthermore, environmental pollution is considered a major impediment to 
sustainable development and has become an increasingly important topic for decision makers 
in economical, industrial and political contexts (Mao et al., 2015; Trellu et al., 2016). 
Petroleum hydrocarbon contaminated soils accumulate in the environment due to leaks 
from storage tanks, aged pipelines, and waste disposal sites (Liu et al., 2011; Ghoreishi et al., 
2017); during the exploration, extraction, transportation, and storage of crude and its various 
derivatives. Environmental damage also arises due to the intentional discharge of oil and oily 
wastes into the environment (Lai et al., 2009). With the modern economy’s continued 
dependence on petroleum and increasing world demand for fuel, contamination from these 
sources is a continuing environmental risk (Ebadi et al., 2017; Urum et al., 2006; Rahman et 
al., 2003), also potentially leading to increased economic losses (Mao et al., 2015). The 
widespread use of PHC has invariably led to PHCs being a persistent and long-standing source 
of soil pollution (Paria, 2008). Soil contamination by PHCs is of increasing social, sanitary, 
environmental and economic concern (Gomez and Sartaj, 2013). 
Hydrocarbons have extreme polluting effects in the environment, and concerns for this 
group of contaminants continue to increase due to the difficulties encountered in trying to 
remove them from the environment (Souza et al., 2014). Hydrocarbon contaminants affect soil 
physical, biochemical, and physiological properties (Haghollahi et al., 2016). 
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1.2 Remediation techniques 
To combat environmental pollution due to petroleum, environmentally friendly 
innovative and effective technologies are required (Ebadi et al., 2017; Lai et al., 2009). Cost 
efficient, cutting-edge technologies are required to remediate and reclaim contaminated 
soils/sites (Mao et al., 2015). Various remediation techniques for the treatment of petroleum 
hydrocarbon-contaminated soils have been highlighted in the literature. These treatment 
approaches are broadly categorized as chemical, physical and biological (Chien et al., 2011; 
Souza et al., 2014). Chemical and physical approaches are expensive, they do not lead to 
complete removal of contaminants and they alter natural ecosystems thereby limiting their 
applications (Souza et al., 2014; Liu et al., 2010). 
Physical remediation techniques include landfilling, incineration (Diplock et al., 2009) 
and cap and contain method. While landfilling is done ex situ, contaminated soils in the cap 
and contain technique remain on site. In both methods, the contaminants remain in the soils, 
and the soils are only monitored to ensure contaminants do not break through the isolation 
barriers (Shah, 2014). 
Biological approaches, on the other hand, provide more interesting techniques of 
treating petroleum contamination in comparison with chemical and physical methods 
(Ghoreishi et al., 2017; Lors et al., 2012). Bioremediation is a biological treatment approach 
that has been recognized as an efficient, versatile, and environmentally friendly solution when 
compared to the variety of remediation methods available. It is also considered the most 
economical, making this a very attractive soil remediation approach (Liu et al., 2011; 
Haghollahi et al., 2016; Meyer et al., 2014; Christofi and Ivshina, 2002; García Frutos et al., 
2012). Bioremediation enhances the natural process of biological degradation (Christofi and 
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Ivshina, 2002). When conducted successfully, bioremediation is a sustainable treatment 
method for environmental contaminants (Smith et al., 2015). Bioremediation, when compared 
to other remediation techniques has higher public acceptance, and is not technically complex 
(Shah, 2014). Bioremediation employs the natural degradative ability of biological systems 
such as microorganisms or plants in the degradation of petroleum contaminants, converting 
these toxic wastes to non-toxic more innocuous end products, such as carbon dioxide and water 
(Ghoreishi et al., 2017; Lai et al., 2009; Fernández-Lugueno et al., 2011; Diplock et al, 2009). 
Bioremediation results in a complete destruction of PHC contaminants, making this treatment 
approach a “green” alternative in the treatment of environmental contaminants (García Frutos 
et al., 2012). Bioremediation techniques include bio-piling, bioslurry, natural attenuation, 
bioaugmentation, biostimulation, and land farming amongst others (Smith et al., 2015; Meyer 
et al., 2014; Lors et al., 2012). These techniques optimize microbial biodegradation by 
increasing microbial activity (Lors et al., 2012). Despite the identified advantages, there is only 
sparse peer-reviewed literature that convincingly demonstrate field trials and pilot scale 
applications of oil bioremediation (Das and Chandran, 2011), hence the need for research that 
identifies the challenges of bioremediation, with an aim to provide information geared towards 
better understanding of this approach.   
The use of natural methods in remediation is increasingly on the rise due to 
advancements in sustainable technologies. Natural methods involve the application of natural 
biodegradable compounds such as biosurfactants (Souza et al., 2014). To develop and 
implement a bioremediation program that is successful and provides satisfactory results, it is 
important that the suitability of the site/soil be thoroughly assessed, and the required conditions 
optimized (Shah, 2014). 
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Soil remediation technologies are classified into two major categories based on 
remediation location. These are in situ and ex situ remediation (Kim et al., 2011). In situ 
remediation occurs at the site of contamination while in ex situ remediation, contaminated soil 
is evacuated from the site to a different location. In situ remediation leads to limited disruption 
of the environment and it is a more cost-effective method (Lahel et al., 2016; Pereira et al., 
2013). Application of treatment strategies can be limited by the location of remediation or site 
characteristics (Kahn et al., 2004). Soil washing has traditionally been classified as an ex situ 
remediation process and noted as a fast and efficient method for contaminated soils of limited 
quantities (Deshpandea et al., 1999; Khan et al., 2004). A somewhat similar technique to soil 
washing is soil flushing. Soil flushing is an in situ application in which the contaminated soil is 
flooded with a treatment solution. The contaminated groundwater and extraction fluid are 
collected for further treatment (Khan et al., 2004). 
Recent research on soil washing has focused on developing this approach for in situ 
applications, thereby eliminating the cost of evacuation of contaminated soil.  Field application 
of soil washing was reported by Iturbe et al. (2004). Results from their research prompted the 
authors to recommend further studies of soil washing to understand better the optimum 
operation of the remediation method and how to reduce associated costs (Iturbe et al., 2004). A 
real-life field application of soil washing recorded by USEPA (2017) is the King of Prussia 
Winslow Township, NJ Superfund site. The approach was used to remediate soils 
contaminated with wastewater containing toxic chemicals and heavy metals. Between June and 
October 1993 over 19,000 tons of contaminated soil was washed successfully. 
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1.3 Biodegradation 
Bioremediation is defined by Shah (2014) as an ecologically sound technique which 
uses natural biological processes to restore altered natural environments to their original state 
before contamination. The identified advantages of bioremediation include its effectiveness 
and environmental compatibility. Despite the crucial advantages, bioremediation can be time-
consuming and treatment of large volumes of contaminants can be potentially cost-ineffective. 
This necessitates the design of appropriate techniques that will distinctly improve the rate of 
biodegradation (Lai et al., 2009). With successful application of bioremediation technologies, 
reclamation of petroleum hydrocarbon-contaminated soils is a possibility (Rahman et al., 
2003). 
Factors affecting the rate and extent of hydrocarbon biodegradation include the 
microbial community present, presence of hydrocarbon-degrading microorganism, microbial 
competition, the concentration/dosage and type of contaminant, the treatment method 
employed, and the nutritional and environmental conditions that impact microorganism growth 
and metabolism/metabolic capability (Lahel et al., 2016; Horel and Schiewer, 2009; Smith et 
al., 2015; Christofi and Ivshina, 2002). Environmental conditions include but are not limited to 
the following: pH, temperature, salinity, moisture content, soil type/soil texture, 
aeration/oxygen transport, and organic matter (Haghollahi et al., 2016; Horel and Schiewer, 
2009; Smith et al., 2015). 
The major limiting and inhibiting factors of biodegradation are bioavailability and mass 
transfer/transport of the hydrocarbon contaminants in the soil. These limitations result in poor 
contact between microorganisms and food (i.e., hydrocarbon) and subsequently low 
biodegradation efficiency (Chaprão et al., 2015; Paria, 2008; Pacwa-Plociniczak et al., 2011; 
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Ron and Rosenberg, 2002; Szulc et al., 2014; Rahman et al., 2003). Bioavailability in this 
context of biodegradation refers to the portion of the contaminant that is in a readily 
biodegradable form (Diplock et al., 2009). Hydrocarbons have poor water solubility, and they 
attach to soil particles. This reduces their bioavailability to microorganisms, thus limiting the 
mass transfer rate for biodegradation of the hydrocarbons (Chaprão et al., 2015). 
Low water solubility and high hydrophobicity of hydrocarbon compounds are the main 
reasons they have a prolonged persistence in the environment. This low solubility increases 
sorption of the hydrophobic compounds to surfaces such as soils which in turn reduces their 
bioavailability to the microorganisms capable of degrading them (Rosenberg and Ron, 1999; 
Souza et al., 2014). The ability of microorganisms to come into direct contact with 
hydrocarbon substrates is essential for the process of biodegradation (Ron and Rosenberg, 
2002). Microorganisms can take up water-insoluble hydrocarbons by either modifying their 
cell surfaces or producing emulsifiers. Microorganisms can also degrade hydrocarbons due to 
the presence of added synthetic or biological emulsifiers (Kelkar et al., 2007). Surfactants are a 
type of emulsifier produced by microorganisms. Surfactants are generally used for the 
separation of oily materials from different media (Urum and Pekdemir, 2004). 
Surfactants are therefore employed to expedite the biodegradation process, by reducing 
treatment time. To enhance bioavailability of the hydrocarbons, the contaminants are 
transported to the aqueous bulk phase by the surfactants. The desorption and solubilization of 
hydrocarbons are enhanced by the use of surfactants, which in turn facilitates the uptake of 
hydrocarbons by microorganisms (Chaprão et al., 2015; Paria, 2008).  Therefore, by increasing 
the solubility of hydrocarbon contaminants, surfactants provide an opportunity for microbial 
remediation (Liu et al., 2015). 
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1.4 Biosurfactants 
Biosurfactants are a class of surfactants or surface-active compounds that are 
synthesized by bacteria, yeasts, and fungi as part of their cell membrane or produced 
extracellularly, when growing on substrates which are immiscible with water (Mulligan, 2005; 
Desai and Banat, 1997). Biosurfactants excretion by microorganisms is in response to 
assimilation of carbon substrates that are either water in-soluble or sparingly water-soluble 
(Hommel et al., 1987). Biosurfactants have diverse structures such as phospholipids, 
glycolipids and lipopeptides. Biosurfactants are particularly well suited for both industrial and 
environmental applications because they are readily biodegradable- a property that gives 
biosurfactants higher environmental compatibility (Nguyen et al., 2008; Rufino et al., 2014). 
Biosurfactants are referred to as enhancing and extracting agents for remediation of 
contaminated soils (Mao et al, 2015; Trellu et al., 2016).  
1.5 Justification for present thesis 
For researchers and soil remediation companies, the development of high efficiency 
and cost-effective contaminant-removal processes continues to be an ongoing challenge (Trellu 
et al., 2016). The use of biosurfactants in bioremediation remains an interesting area for 
research due to its numerous advantages and inherent potentials. Research to improve existing 
knowledge and provide innovative ideas to reduce the extended treatment time associated with 
bioremediation, and increase the successful large-scale application of biosurfactants is worth 
considering. Understanding the effect of biosurfactant concentration relative to the moisture 
level (a parameter referred to as the effective concentration) has been identified as a critical 
factor. It impacts the ability to extrapolate results to other samples when the difference in 
moisture content is considered. This understanding is essential in implementing biosurfactant-
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enhanced bioremediation. By considering the effect of biosurfactant’s concentration relative to 
the soil moisture content, this thesis aims to draw attention to this important factor and 
contribute to the ongoing body of research required to understand better, and improve 
biodegradation research. 
1.6 Thesis phases 
The current research thesis is divided into three major phases. 
Phase 1 investigated biosurfactant-enhanced washing treatment for reducing petroleum 
hydrocarbons in drill cuttings and petroleum-contaminated soil. The initial TPH levels were the 
base field-contamination levels of the samples. The optimum washing conditions were also 
determined. 
Phase 2 studied biodegradation as a remediation approach for drill cuttings and petroleum-
contaminated soils. The optimal conditions observed for each sample type in phase 1 were used 
as the treatment parameter in the second phase, particularly for experiments that used soil 
washing as a combined remediation approach with biodegradation. 
Phase 3 evaluated four important factors that impact biodegradation. The factors give a more 
robust insight into the test parameters used in phase 2. The factors also provide useful 
information required in field applications of biodegradation.  
1.7 Novelty of thesis 
This research explores three strategic areas which to the best of our knowledge have not 
been researched using bench-scale experiments. Furthermore, only minimal reports of these 
factors have been observed in the literature. 
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(1) This research accounted for rhamnolipid concentration relative to the moisture 
content of the samples.  
(2) The present thesis examined the effect of multiple additions of biosurfactants to 
biodegradation experiments. Existing literature only focuses on high concentration of 
biosurfactants in single applications. 
(3) The present thesis investigated an integrated approach and two-step approach to 
biodegradation using the same soils and treatment conditions (explained in detail in Chapter 4). 
The observed results were compared to evaluate the effectiveness of both methods. While these 
methods have been investigated separately by different authors, no report evaluated the 
processes jointly; thus, providing a basis for comparison. 
1.8 Thesis layout 
This thesis is organized into six chapters. Chapter one gives a general introduction to 
the research area covered and some vital aspects of the research. Chapter two is in two parts. 
The first part of Chapter two (Chapter 2A) presents a comprehensive review of the role of 
biosurfactants - the central theme of the present thesis - in sustainability. The review 
emphasizes the role of biosurfactants in environmental sustainability and also addresses the 
major limitations of large-scale application of biosurfactants. The second part of Chapter two 
(Chapter 2B) gives a literature review of biosurfactants as it applies to the experimental work 
conducted in the present thesis. 
Chapter three presents the first phase of experimental work completed for this thesis. It 
covers biosurfactant-enhanced soil washing, the effect of test parameters on total petroleum 
hydrocarbon reduction and the optimal conditions observed. Chapter four presents the second 
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phase of this research work- the bioremediation experiment. The biodegradation experiment 
parameters are introduced in detail, and their effect on total petroleum hydrocarbon reduction 
as well as petroleum hydrocarbon fractions - F2 (C10-C16) and F3 (C16-C34) were evaluated. 
Optimal conditions observed are also discussed. In Chapter five, the third phase of the current 
work is presented. Four major factors that influence biodegradation experiments were tested 
individually, and results presented. 
Chapter three, four and five are structured individually as complete research work. 
Thus, each chapter comprises introduction, materials and methods, results, discussion and 
conclusion. The final chapter, Chapter 6 is a general conclusion that gives a summary of the 
work done, and summarizes all the research presented in the present thesis into a concise 
conclusion.
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CHAPTER 2A: The role of biosurfactants in the continued drive 
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Abstract 
Biosurfactants are microbial products that have increasingly been researched due to 
their many identified advantages, such as low toxicity and high activity at extreme 
temperatures, but more importantly, they are biodegradable and compatible with the 
environment. Biosurfactants are versatile products with vast applications in clean-up of 
environmental pollutants through biodegradation and bioremediation, as well as the food, 
pharmaceutical, and other industries. These advantages and wide range of applications have led 
to the continued interest in biosurfactants. In particular is the growing discussion around 
environmental sustainability and the important role that biosurfactants will increasingly play in 
the near future, for example via the use of renewable by-products as substrates, waste 
reduction, and potential re-use of the treated waste. This has resulted in increased attention on 
these microbial products in the industry. Research highlighting the potential of biosurfactants 
in environmental sustainability is required to drive efforts to make biosurfactants more viable 
for commercial and large-scale applications; making them available, cheaper and economically 
sustainable.  The present review discusses the unique relationship between biosurfactants and 
environmental sustainability, especially the role biosurfactants play in environmental pollution.  
 
Keywords: biosurfactants, sustainability, environmental pollution, bioremediation, 
biodegradation 
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2A.1 Introduction 
Biosurfactants are environmentally friendly microbial products with confirmed abilities 
for removing petroleum hydrocarbon contaminants from drill cuttings and hydrocarbon-
contaminated waste streams (such as soil and refinery wastewater). They are highly favourable 
because of their high biodegradability, low environmental impact, low toxicity, high 
specificity, high stability and activity at extreme conditions, wide range of industrial 
applications, and structural diversity (Luna et al., 2015; Lai et al., 2009; Banat et al., 2000; Ron 
and Rosenberg, 2002; Makkar and Cameotra, 2002; Desai and Banat, 1997; Wang and 
Mulligan, 2009; Souza et al., 2014; Urum and Pekdemir, 2004). 
Biosurfactants are used for several important roles, namely, emulsification, dispersal, 
solubilization, mobilization, wetting, surface tension reduction, formation of micelles and foam 
formation, due to their ability to partition in different interfaces: liquid/solid, liquid/gas, 
liquid/liquid. The use of biosurfactants in these roles is possible because of their amphiphilic 
properties- as they contain both hydrophobic and hydrophilic molecules (Santos et al., 2016; 
Cameotra and Bollag, 2003; Marchant and Banat, 2012a; Rufino et al., 2016; Pacwa-
Plociniczak et al., 2011; Das and Mukherjee, 2007). Biosurfactants thus have remarkable 
potential applications in environmental restoration (Makkar and Cameotra, 2002) and have also 
been described as one of the most promising and versatile process chemicals (Cameotra and 
Makkar, 1998; Das & Mukherjee, 2007). Biosurfactants are considered eco-friendly (Pacwa-
Plociniczak et al., 2011). Their ecological acceptance is particularly identified by Benincasa et 
al. (2002) as being probably their most important advantage. Biosurfactants are aptly and 
rightfully described as the “multifunctional biomolecules/materials of the 21st century” (Santos 
et al., 2016; Luna et al., 2015). Attention given to biosurfactants has therefore increased as the 
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importance of sustainable production processes and sustainability initiatives overall are 
becoming more appreciated, thus rising to the top of the agenda of many companies (Henkel et 
al., 2012; Marchant and Banat 2012a). The increased attention given to biosurfactants is also 
linked to the ongoing emphasis on societies that are sustainable and harmonized with the 
global environment (Das and Mukherjee, 2007), as well as the need for environmental 
protection (Freitas et al., 2016). From the literature, it therefore appears that, while references 
have been made to sustainable processes of biosurfactant production, the impact and role of 
biosurfactants in the increasingly popular subject of sustainability has not been fully explored. 
The present review does not attempt to expound on the numerous applications of 
biosurfactants, but rather it focuses on their applications in reducing hydrocarbon-based 
environmental pollution through the sustainability lens. 
2A.2 Environmental pollution, biosurfactants and sustainability  
Environmental pollution is and continues to be an ongoing concern. With public 
awareness on the rise, and as firmer environmental legislations are being passed, there is more 
focus on the need to develop innovative ways to tackle the problem. The search for, and 
development of, appropriate technologies that will help clean up environmental contaminants - 
both organic and inorganic, such as hydrocarbons - is influenced by increasing public 
awareness (Pacwa-Plociniczak et al., 2011). In addition to the various health concerns and 
negative ecological impacts, the discussion on environmental pollution has found its way into 
discussions relating to waste management, sustainability, and climate change. Research on the 
applications of biosurfactants in mitigating environmental pollution started over two decades 
ago, but it seems imperative to shed light on how this ties into the overwhelming and growing 
topic of sustainability. Makkar and Cameotra (2002) highlighted the importance of the “reduce, 
17 
 
re-use and recycle” concept for waste management due to concerns in the rate of generation of 
hazardous and non-hazardous wastes, and the inherent cost of treating and disposing them. The 
authors emphasized the need for cost-effective biosurfactant production to address these 
growing concerns. 
Global efforts to reduce greenhouse gas emissions are evident in the various 
international climate change treaties. The Conference of the Parties (COP21) is a case in point, 
in which several countries agreed to put the world on a more sustainable path by ensuring that 
the global mean temperature does not rise above 2oC compared to pre-industrial levels (IEA, 
2015; IPCC, 2014). Biosurfactants according to Rahman and Gakpe (2008) have an important 
role to play in reducing carbon dioxide emissions, a greenhouse gas, from the atmosphere. 
Views on sustainability recognize the need to balance environmental, economic and social 
concerns, considering their long-term impact (Brockhaus et al., 2017; Abu-Goukh et al., 2014). 
Environmental sustainability is defined in various ways in the literature. The present article 
adapts the definition given by Abu-Goukh et al. (2014), who defines a sustainable system as 
one which “maintains its own viability by using techniques that allow for continual re-use.” 
Concerns on environmental sustainability include not only climate change, but also 
pollution and natural resources depletion. These concerns stress the need to develop 
management solutions and tools embracing environmental quality, one of the three identified 
pillars of sustainability; the other two being social justice and economic prosperity (Laurent et 
al., 2012). Furthermore, sustainability is being argued as the correct way of viewing the world 
and making good decisions. The argument posits that industrial operations which are 
ecologically sound are inevitable due to the “rightness” of sustainability. This perspective 
considers sustainability as a growing phenomenon and a game changer for the industry 
(Brockhaus et al., 2017). More important is the quest to harness and apply science and 
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technology in transitioning to sustainability, a larger movement referred to as ‘sustainability 
science’ (Clark and Dickson, 2003). Thus, the search for biosurfactants as alternatives to 
synthetic surfactants is attributed to the focus on sustainability (Silva et al., 2014a).  
Biosurfactants also have a significant advantage in terms of resource usage as their 
counterparts, ‘ordinary’ surfactants, are characterized as contributing to the depletion of 
petrochemical resources which are non-renewable (Henkel et al., 2012). In addition, these 
synthetic counterparts bioaccumulate and become hazardous to the environment (Rahman and 
Gakpe, 2008). When compared to conventional surfactants, biosurfactants also show higher 
effectiveness and efficiency due to their excellent surface activity. At lesser concentrations, the 
surface tension they produce is lower- an indication of the efficiency of biosurfactants 
(Sobrinho et al., 2014). According to Gavrilescu and Chisti (2005), a product is deemed 
sustainable if it performs well in comparison to its conventional counterparts, shows less 
toxicity, is more durable, can be recycled, and is biodegradable once its usefulness is 
exhausted. Biosurfactants fulfill all these conditions and more. There is therefore, an increased 
momentum for research on biosurfactants due to increased environmental awareness and new 
regulations (Banat et al., 2000). 
2A.3 Petroleum wastes and environmental pollution 
Increasing societal demand, government regulations and concerns on environmental 
sustainability, relating to how hydrocarbons are stored and transported has led to the 
development of new and innovative storage and pipeline technologies as well as remediation 
technologies which are environmentally compatible (Luna et al., 2015; Lai et al., 2009; Makkar 
and Cameotra, 2002). In the oil and gas exploration industry, two major waste streams 
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identified as major sources of environmental pollution are drilling wastes or drill cuttings and 
hydrocarbon-contaminated soils. 
2A.3.1 Drilling wastes 
The majority of wastes generated from drilling operations are attributed to drill cuttings 
(Geehan et al., 2006). Drill cuttings are comprised of soil, silt, rock fragments and pulverized 
materials excavated by the drill bit. Following the separation of solids, the cuttings are 
collected for further treatment or management (Ball et al., 2012; Eames et al., 2002). Drill 
cuttings are significant by-products of oil and gas operations and pose a major waste 
management problem owing to the volume generated. By volume, drill cuttings discharges are 
the second largest waste generated from oil and gas activities, following produced water 
(Agwa et al., 2013; Jacques Whitford Stantec Limited, 2009). Furthermore, drill cuttings are 
potential sources of oil pollution due to their organic & inorganic contaminants content. Drill 
cuttings with oil-based drilling fluids are characterized by the presence of large quantities of 
crude oil by-product and chemicals, which can be highly toxic to humans and nature 
(Fernandez et al., 2008; Ball et al., 2012; Eames et al., 2002; Urum et al., 2006; Yan et al., 
2011). When disposed into landfills improperly, the toxic contaminants in drill cuttings leach 
into the surrounding environment, groundwater, and surface water (rivers and streams) which 
potentially has a detrimental effect on humans and the ecosystem. In achieving the objective of 
sustainable development, it is pivotal that these waste streams are managed appropriately in 
ways that limit environmental contamination and pollution (Haut et al., 2009). 
 
 
20 
 
2A.3.2   Hydrocarbon-contaminated soils  
Certain activities relating to the oil and gas industry which includes oil spills from 
exploration and transportation, pipeline leakages, leakages from underground storage tanks in 
service stations and aboveground storage tanks in industries, as well as release of oil which 
occurs accidentally during drilling operations, result in the accumulation of hydrocarbon-
contaminated soils (Chaillan et al., 2006; Silva et al., 2014a; Souza et al., 2014; Lehtomäki and 
Niemeä, 1975). Another rather unfortunate source of this form of environmental pollution has 
also been identified as the intentional discharge of oil wastes into soils and water bodies (Urum 
et al., 2006). Hydrocarbon-contaminated soils invariably become another major source of 
environmental pollution, particularly in instances of mishandling, inadequate treatment and or 
improper disposal. Hydrocarbon contamination occurs in all stages of crude oil production, 
processing and use (Urum et al., 2006). Essentially, whether a country produces oil and gas or 
not, the fact that hydrocarbons serve as an energy source for the country makes environmental 
pollution a major area of concern. Thus, environmental pollution is not a localized or country-
specific problem, but rather a global issue.  Therefore, contamination of the environment by 
hydrocarbons from contaminated soils remains a contemporary concern (Luna et al., 2015). 
2A.3.3  Way forward 
The call for innovative remediation processes that are not only environmentally 
friendly, but which also have a low carbon footprint brings bioremediation - with the 
application of biosurfactants - to the forefront as a treatment process for drill cuttings and 
hydrocarbon-contaminated soils. While the characteristics of each waste stream and relevant 
regulatory requirements are to be considered, the eventual goal regarding sustainability is to 
have treated products that can be re-used. The possibility of re-use reduces the burden of 
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disposal of drill cuttings and hydrocarbon-contaminated soils into the environment (Onwukwe 
and Nwakaudu, 2012). With regards to combating environmental pollution caused by 
petroleum wastes, the application of biosurfactants includes: oil residue removal from storage 
tanks, microbial enhanced oil recovery (MEOR), oil spill clean-up, as well as soil and water 
bioremediation amongst others. Essentially, effective biosurfactants have a role to play in 
sustainability as they have the inherent benefit of having low impacts on the environment 
(Luna et al., 2015; Silva et al., 2014a). 
Drill cuttings, hydrocarbon-contaminated soils and other waste streams related to the 
oil and gas industry will collectively be referred to as ‘petroleum wastes’ in the present review. 
2A.4 Treatment techniques of petroleum wastes 
Numerous disposal and treatment techniques for petroleum wastes have been identified 
in the literature. Various countries have recommended guidelines to ensure that these waste 
streams are treated and detoxified before discharge and disposal (Paria, 2008). These treatment 
methods range from chemical to physical and biological methods (Freitas et al., 2016). 
Physical treatment methods such as incineration, thermal desorption, and 
solidification/stabilization; biological treatment methods such as surfactant-enhanced washing, 
bioremediation, and phytoremediation; and chemical treatment methods have been described in 
the literature (Paria, 2008; Fernandez et al., 2008). While physical and chemical treatment 
methods (or physicochemical methods) are fast, they only result in the transfer of contaminants 
to a different environmental medium and could result in the production of harmful by-products 
(Silva et al., 2014a).  
22 
 
The management of waste, in general, has become merged with the three notions of 
responsibility, reliability, and continuity. These notions make it essential that in treating each 
type of waste stream, all related consequences for the environment must be thoroughly 
considered (Verstraete, 2002). The process of hydrocarbon biodegradation is a vital technique 
in the remediation of contaminated sites due to its prominent ecological significance (Coimbra 
et al., 2009). Thus, the selection of a waste treatment technique should be premised on 
complete removal of contaminants from polluted sites and prevention of further contamination 
to ensure environmental sustainability. This stance has attracted the attention of researchers 
over the years in employing bioremediation and biodegradation as sustainable treatment 
processes for petroleum wastes. 
2A.5 Bioremediation, biodegradation and biosurfactants 
Bioremediation is a biological technique or process used to reduce contaminants in the 
environment. It involves the transformation or mineralization of organic contaminants by 
living organisms, leading to substances which are less harmful (Cameotra and Bollag, 2003; 
Sobrinho et al., 2014). By the process of bioremediation, contaminants are converted into water 
and carbon dioxide (CO2) using the natural degradation capabilities of microorganisms (Lai et 
al., 2009; Santos et al., 2016). The produced substances subsequently become integrated into 
the various biogeochemical cycles (Cameotra and Bollag, 2003; Sobrinho et al., 2014). 
Hydrocarbon contaminants are, however, not always readily available to microorganisms; the 
components of the contaminants are bound to soil particles. This reduces their bioavailability 
and results in poor efficiency of the biodegradation process (Kuyukina et al., 2005; Lai et al., 
2009; Ron and Rosenberg, 2002). Hence, biosurfactants are applied to increase the availability 
of contaminants and aid the rate of biodegradation (Christofi and Ivshina, 2002; Lai et al., 
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2009; Sobrinho et al., 2014; Santos et al., 2016; Silva et al., 2014a). As a treatment process, 
bioremediation can be conducted either in situ or ex situ (Paria, 2008).  
The application of biosurfactants for clean-up of environmental pollutants has been 
explored for their ability to a) increase bioavailability of contaminants to microorganisms 
through bioremediation enhanced with addition of biosurfactants, and b) solubilize and 
mobilize hydrocarbons in soils through biosurfactant-enhanced washing resulting in removal of 
the contaminants (Banat et al., 2010; Luna et al., 2015; Pacwa-Plociniczak et al., 2011). These 
biosurfactants applications differ in the mode of action and properties of the biosurfactants. 
The applications are either based on biosurfactants effects on the metabolic activity of 
microorganism or the inherent physicochemical properties of the biosurfactants (Sobrinho et 
al., 2014; Banat et al., 2010). Mazaheri Assadi and Tabatabaee (2010) thus affirmed that the 
knowledge of the chemical and physical nature of the contaminated area is required if 
biosurfactants are to be successfully applied in petroleum bioremediation. To also ensure 
commercialization of biosurfactants, the biosurfactants used should be suitable in terms of the 
physical and chemical nature of the contaminated sites (Sobrinho et al., 2014). 
2A.6 Other environmental applications of biosurfactants 
A review by Marchant and Banat (2012b) recognize biosurfactants as having the 
potential to be used as sustainable ingredients in more than a few commercial products. Banat 
et al. (2010) in their review of industrial applications of biosurfactants stated that 
biosurfactants are mainly applied in oil recovery and processing. The use of biosurfactants is 
one of the methods that not only allows for the recovery of oil from oily sludge but also allows 
for the re-use or recycling of the valuable hydrocarbons recovered from the oily sludge. Oily 
sludge generated from petroleum processing plants is another source of environmental 
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pollution. Chirwa et al. (2013) investigated the use of crude biosurfactants in oil recovery from 
oily sludge in comparison to commercial surfactant. While the rate of recovery was slower 
with the use of biosurfactants, the effective concentrations of the commercial surfactant used 
were higher than the crude biosurfactant concentrations. This observation demonstrates the 
feasibility of biosurfactants application in oil recovery from waste sludge. Sen (2008) 
described in detail the role biosurfactants play in oil mobilization by emulsification in 
microbial enhanced oil recovery (MEOR). Schaller et al. (2004) explored the potential use of 
surfactin biosurfactant as an agent for enhanced oil recovery and presented results that favored 
their application and cost-effectiveness. Almeida et al. (2004) also studied the potential of 163 
bacterial strains in MEOR and demonstrated the potential use of 10 of the bacterial strains in 
oil recovery. From the results presented, a consortium containing isolates of three Bacillus 
species produced the highest recovery rate of 18%. The ability of one of the bacterial isolates -
Bacillus polymyxa- to produce solvents and surfactants amongst other products was attributed 
to be the likely cause for the additional oil recovery rate observed in the consortium.  
In the bigger sustainability picture, the need to treat and stabilize oily sludge prior to 
disposal is not a choice, but a necessity. The recovery of oil from oily sludge before disposal 
reduces its environmental impact. In addition, the recovered oil also serves as an energy source 
(Chirwa et al., 2013), hence, the inevitability of renewed and intensified efforts to treat oily 
sludge. Of course, with the possibilities highlighted for applications of biosurfactants in 
previous paragraphs, their usefulness in combating environmental pollution in this area is 
undoubtable - from an environmental sustainability standpoint.  
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2A.7 Limitations of large-scale applications of biosurfactants 
Despite the many identified advantages of biosurfactants, a common theme in literature 
is the inability of biosurfactants to compete commercially with their synthetic counterparts due 
to high cost of production and sometimes low yield (Das and Mukherjee, 2007; Wan Nawawi 
et al., 2010; Sobrinho et al., 2008, 2014; Gurjar and Sengupta, 2015; Banat et al., 2014; 
Radzuan et al., 2017). As reported by Hazra et al. (2011), biosurfactants are 20‒30% more 
expensive than synthetic surfactants, thus impeding their large-scale applications. To address 
the cost aspects of biosurfactant production, the first point of call is the substrates. The need for 
cost-effective substrates in the production of biosurfactants is underlined by the cost attributed 
to the choice of substrate used in the production process. Reports on the cost implication of 
substrates vary in literature. It ranges from 10‒30% of the production cost (Cameotra and 
Makkar, 1998; Sobrinho et al., 2014; Radzuan et al., 2017) to 50% of the final product cost 
(Luna et al., 2015; Makkar and Cameotra, 1999). The second point of call is the production 
process. In various biotechnology processes, purification accounts for a huge part of the 
production cost. This ranges from 60% (Freitas et al., 2016) to 70‒80% (Santos et al., 2016). 
For these reasons, research on biosurfactants is now focused on avenues to optimize their 
production processes as well as the use of low-cost substrates. This will in no small way 
minimize the overall cost of production and also lead to the scale-up of industrial production of 
biosurfactants (Banat et al., 2010). 
In particular, research into avenues to minimize cost and optimize the production 
process of biosurfactants is intertwined with their potentials as agents of sustainability. The 
need to highlight the economic feasibility of biosurfactant production for commercial 
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applications in the sustainability discussion is validated by the statement “sustainability is only 
sustainable when it is profitable” (Brockhaus et al., 2017). 
2A.8 Biosurfactants as agents of sustainability 
The economics of biosurfactant production for environmental applications and their 
role in environmental sustainability are linked in two major areas: 
2A.8.1  Low-cost substrates 
Banat et al. (2014) and Makkar and Cameotra (2002) reviewed the use of renewable 
substrates in biosurfactant production. These reviews highlight years of research on the use of 
cheap and waste substrates. Examples of substrates used include agro-industrial waste, residues 
from crops, as well as dairy and food-processing by-products. High carbohydrate and high lipid 
content of agro-industrial products make them very useful as substrates (Joshi et al., 2008). 
Luna et al., (2015) used agro-industrial by-products, ground-nut oil refinery residue and corn 
steep liquor, as substrates to produce an anionic glycolipid from Candida sphaerica. Das and 
Mukherjee (2007) used potato peels to demonstrate appreciable production of a lipopeptide 
biosurfactant from strains of Bacillus subtilis. Rhamnolipids were produced from cassava 
wastewater and waste cooking oil by Costa et al. (2010) using Pseudomonas aeruginosa. 
Surfactin was produced by Gurjar and Sengupta (2015) using rice mill polishing residue. 
Sobrinho et al. (2008) utilized corn steep liquor and ground-nut oil refinery residue to produce 
an anionic glycolipid. Coimbra et al. (2009) also demonstrated the potential application of 
crude-biosurfactants using low-cost medium in soil bioremediation.  
The use of cheap substrates has the obvious advantage of reducing the cost of 
biosurfactant production (Freitas et al., 2016). However, it confers more lasting advantages in 
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terms of sustainability beyond their impact in reducing the cost of production of biosurfactants.  
The use of industrial waste streams and by-products as substrates fosters environmental 
preservation (Luna et al., 2015; Santos et al., 2016). In the same vein, the sustainability of 
biosurfactant production process, both economically and environmentally, will be boosted 
when value is added to these waste streams (Radzuan et al., 2017). These substrates do not 
compete directly with food (Henkel et al., 2012). By using the wastes, their potential polluting 
effect is reduced, as majority of the residues would otherwise be disposed of by combustion 
(Pacwa-Plociniczak et al., 2011; Gurjar and Sengupta, 2015). Treatment and disposal of these 
waste streams account for substantial financial burdens on industries. Their use as substrates 
would reduce the cost expended on waste management (Costa et al., 2010). Furthermore, these 
substrates of interest are majorly renewable resources (Makkar and Cameotra 2002; Lai et al., 
2009; Henkel et al., 2012). They are also referred to as ‘green’ products (Santos et al., 2016) or 
‘greener compounds’ (Olkowska et al., 2012). This designation is used to corroborate the high 
biodegradation rate of biosurfactants amongst other advantages in comparison to traditional 
surfactants. 
Indeed, the ‘greening process’ leads to reduced carbon footprints. This underscores 
another push towards sustainability, a move that is evidently driving the market to more 
efficient technologies which will foster the large-scale production of biosurfactants (Banat et 
al., 2010). Biosurfactants are thus considered sustainable when produced from sustainable 
feedstocks by microorganisms (Marchant and Banat, 2012a). The use of inexpensive raw 
materials, particularly waste from the agro-industry will further engrain the future of 
biosurfactants in environmental applications (Rufino et al., 2016).  
It is also worthy of mention that the use of industrial waste as low-cost substrates for 
biosurfactant production has been researched for over two decades. In 1993, Mercadé et al. 
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reported the production of rhamnolipid using olive oil mill effluent as the sole source of 
carbon. Despite years of research, Wan Nawawi et al. (2010) expounded the need for ongoing 
research in this area as the selection of appropriate waste substrates for biosurfactant 
production remains a challenge. In choosing a waste substrate, it is essential to have one that 
has lipids, carbohydrates and other nutrients in the right balance to support microorganism 
growth optimally, as well as maximize biosurfactant production (Gurjar and Sengupta, 2015; 
Sobrinho et al., 2014). The choice of substrate is quite important - amongst other production 
factors such as strain type of the biosurfactant-producing microorganism, and environmental 
factors like pH and temperature. The substrate used influences not only the type and nature of 
the biosurfactants vis-a-vis their physicochemical properties, but also the quantity/yield and 
quality of their production (Klosowska-Chomiczewska et al., 2017; Rahman and Gakpe, 2008). 
Therefore, while researching low-cost substrates, their effect on the final product should be 
noted and appropriate provisions made. 
2A.8.2  Production and downstream processes 
Biosurfactants used in environmental applications do not require the same rigorous and 
expensive purification process needed for medicinal or cosmetic applications. Not only can 
biosurfactants be produced using simple and inexpensive processes (Cameotra and Bollag, 
2003), there is increased attention on, and appreciation of sustainable production processes for 
biosurfactants (Henkel et al., 2012). For environmental applications, the use of crude broths 
and mixtures of low-cost carbon sources as substrates, makes biosurfactants a more viable 
option than other surfactants, both environmentally and economically (Santos et al., 2016; 
Banat et al., 2000). 
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Another aspect of the biosurfactant production process is solvent use. The extraction 
and purification process of biosurfactant production involves the use of large quantities of 
various expensive and hazardous organic solvents. One of the most widely used solvent 
combinations involves chloroform. Chloroform is toxic and has potentially harmful effects on 
the environment and human health (Santos et al., 2016; Banat et al., 2000). The added 
advantage of using crude biosurfactants without purification in environmental application is 
that it prevents the use of toxic solvents and other organic solvents, making the production 
process cheaper and also lending support to the sustainability discussion. Eliminating or 
reducing the use of toxic solvents is vital for biosurfactant production because, in achieving 
sustainability, production processes should incorporate a ‘design for environment’ (Gavrilescu 
and Chisti, 2005). Furthermore, the use of sustainable production processes, in general, is 
profitable because the wasteful use of materials, as well as the energy demand for processing, 
is reduced. Sustainable production processes also lead to reduction in greenhouse gas 
emissions and other pollutants (Gavrilescu and Chisti, 2005; Henkel et al., 2012).  
2A.9 Sustainable production of biosurfactants and their prospects in environmental 
sustainability 
An overriding consideration for the sustained production of biosurfactants in the future 
is their economic viability. The future of biosurfactants in environmental sustainability, their 
potential applications and increased usage in the market are hinged on the economics of the 
production process. This is of major importance for environmental applications because large 
amounts of biosurfactants are required (Sobrinho et al., 2014).  In building the business case 
for industrial application of biosurfactants, three factors identified by Makkar and Cameotra 
(2002) must be favorable. These are cost, functionality and production capacity. 
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From an economic view, Rufino et al. (2014) reiterated the need to develop processes 
using inexpensive raw materials to successfully produce biosurfactants. In this context, an 
additional factor in biosurfactant production that should be addressed to secure their future in 
the sustainability discussion is optimization of the production process- including the recovery 
process- with the goal of making the process more economical (Rufino et al., 2014, 2016). 
Santos et al., (2016) also stated a similar opinion, that the challenge of large-scale production 
of biosurfactants should be addressed from an economic standpoint. It is important to bear in 
mind that the cost of the production process of biosurfactants is greatly influenced by the 
proposed area of application of the biosurfactants and the target market. In particular, the need 
for low-cost substrates resulting in high product yield is crucial in the industrial application of 
biosurfactants (Luna et al., 2015) as economically viable and environmentally sustainable 
remediation agents.  Overall, the future of biosurfactants in industrial applications is expected 
to be more prominent in the oil sector: in microbial enhanced oil recovery from oily sludge and 
oil wells, bioremediation, and cleaning of oil tanks (Banat et al., 2014). Thus, it is of utmost 
importance that investments are made in strategies that will pave the way to the commercial 
production of biosurfactants (Sobrinho et al., 2014).  
Banat et al. (2014) asserted that the various results reported from research on 
biosurfactants’ present potentials are not only encouraging, but would also drive the industry. 
In terms of economics, with the use of renewable substrates, sustainable production processes 
should be more profitable as dependence on non-renewable resources is reduced (Gavrilescu 
and Chisti, 2005). Novel and efficient methods for biosurfactant isolation in the production 
process will also increase the economic feasibility of biosurfactant production (Pacwa-
Plociniczak et al., 2011). The ability to use wastes to produce biosurfactants is a big part of the 
sustainability picture. Taking into consideration the fact that environmental sustainability 
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advocates the re-use of wastes as opposed to their disposal, thus, reducing waste accumulation 
in the environment. Reduction in production cost promises tremendous growth in the 
commercial application of biosurfactants in years to come, and with ongoing research, this is 
looking more feasible. The question is how soon into the future can this level of inexpensive 
commercial environmental application of biosurfactants be achieved. In other words, some 
level of caution must be exercised in making assertions about the ‘when’.  
Biosurfactants further offer advantages in the goal of environmental sustainability 
specifically with the possibility of re-use of treated petroleum wastes. For example, after 
treatment and characterization, drill cuttings can be re-used in construction applications as 
aggregates, road spreading, filler or fine aggregate in bituminous mixtures, as well as in 
restoration of coastal wetlands (Barry and Kilma, 2013; Ball et al., 2012; Dhir et al., 2010). 
The possibility of secondary contamination when improperly treated petroleum wastes are re-
used is a limitation. To check secondary contamination, re-use of waste streams must be 
subjected to high standards of environmental regulations and stipulations on permitted levels of 
residual hydrocarbon content. In addition to the sustainability benefits of re-using treated drill 
cuttings, the cost-effectiveness of this approach is an advantage. Re-use results in the reduction 
of costs which would have otherwise been expended on the transportation of drill cuttings to 
disposal sites, and other associated charges such as the cost of acceptance charges at landfills 
(Dhir et al., 2010). In this respect, the need to identify alternative ways of using clean and 
treated drill cuttings- and other petroleum wastes- cannot be over-emphasized. It is an issue 
that must be accorded great urgency (Dhir et al., 2010).  
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2A.10 Further research 
An area for further research is the investigation of the life cycle sustainability 
assessment of biosurfactants. The research should focus on all stages, from production and 
consumption to disposal. Such research would also take into consideration all impact 
categories: carbon footprint, toxicity related impacts, and resource depletion impacts as 
suggested by Laurent et al., (2012). This will go a long way in assuaging lingering concerns on 
the sustainability of biosurfactants. 
2A.11 Concluding remarks 
Biosurfactants are creating an exciting and noticeable wave across industries - 
particularly in cleaning up environmental pollutants in petroleum wastes. Their versatility and 
identified advantages give these microbial products a promising future in industrial 
applications. The increasing role of biosurfactants in environmental sustainability also confers 
on them a huge importance that cannot be ignored. To fully harness the advantages of 
biosurfactants in environmental sustainability, production processes that make them 
competitive in cost and yield to their synthetic counterparts must be developed and expanded 
upon, thus, ensuring their economic sustainability. Research into the use of free to low-cost 
waste products as substrates highlights enormous potentials for biosurfactants use in large-
scale and commercial environmental applications. Further research is needed to develop 
production processes to increase yield and minimize the cost of purification- when purification 
is a requirement for application. Without a doubt, biosurfactants are multifunctional materials 
that will revamp environmental sustainability not only in the 21st century, but beyond. 
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Part 2 of this literature review (Chapter 2B) focuses on the roles and benefits of 
biosurfactants with emphasis on bioremediation as it pertains to the present thesis research.
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CHAPTER 2B: Biosurfactants; types and roles 
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2B.1 Surfactants and biosurfactants 
Surfactants, as defined by Christofi and Ivshina (2002) are SURFace ACTive 
AgeNTS. Surfactants are also generally classified as ionic or non-ionic surfactants based on 
the charge they carry due to the ionizability/nature of the polar head when dissociated in water. 
Ionic surfactants are either anionic, zwitterionic or cationic (Mulligan, 2005; Mao et al., 2015; 
Li and Chen, 2009; Desai and Banat, 1997; Urum and Pekdemir, 2004; Christofi and Ivshina, 
2002). Zwitterionic surfactants have both cationic and anionic groups (Deshpandea et al.,1999; 
Christofi and Ivshina, 2002). According to Bognolo (1999), biosurfactants are either anionic or 
non-ionic, as there are no reports in the literature of cationic biosurfactant structures. The 
author noted that some biosurfactants might show cationic properties to a certain degree due to 
the presence of nitrogen-containing groups. 
The production material of surfactants is used to differentiate them. Biological-based 
surfactants are referred to as biosurfactants while chemically synthesized surfactants are 
referred to as synthetic surfactants (Urum and Pekdemir, 2004). 
2B.2 Types of biosurfactants 
Biosurfactants are structurally diverse molecules (Varjani and Upasani, 2017; Desai 
and Banat, 1997) with different chemical structures, due to the wide variety of microorganism 
that produces them (Rosenberg and Ron, 1999; Christofi and Ivshina, 2002). As a result of 
their functional and structural diversity, biosurfactants are an attractive group of molecules 
with the potential to be used in numerous biotechnological and industrial applications (Pacwa-
Plociniczak et al., 2011; Satpute et al., 2010). Biosurfactants can be classified by their 
microbial origin and chemical composition (Desai and Banat; 1997). Other ways of classifying 
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biosurfactants include using mode of action, molecular weight and their physiochemical 
properties (Pacwa-Plociniczak et al., 2011).  According to Desai and Banat (1997) and 
Mulligan (2005), biosurfactants are classified into six groups based on their chemical structure: 
i) glycolipids, ii) phospholipids, iii) lipopeptides and lipoproteins, iv) fatty acids, v) neutral 
acids, vi) polymeric and particulate surfactants (Varjani and Upasani, 2017; Souza et al., 2014; 
Ramírez et al., 2015). Regarding molecular weight, biosurfactants are classified into two main 
groups (Satpute et al., 2010): high molecular weight biosurfactants which can stabilize oil-in-
water emulsions more effectively and low molecular weight biosurfactants which are more 
efficient in reducing interfacial and surface tensions (Pacwa-Plociniczak et al., 2011). 
2B.3 Biosurfactants role in bioremediation 
Surfactants generally have different modes of action. They enhance solubility and 
desorption of hydrophobic contaminants from soils. The increased mobility of the 
contaminants makes them easily subject to removal through microbial assimilation (biotic 
route) or soil washing followed by separation (abiotic route) (Mao et al., 2015).  Essentially, 
biosurfactants are employed in two dominant technologies in hydrocarbon contamination 
treatment: 
1. Soil washing approach (or biosurfactant-enhanced soil washing) by enhancing the 
partitioning of contaminants in the aqueous phase (Mao et al., 2015). 
2. Biosurfactant-enhanced biodegradation by increasing the bioavailability of the contaminants 
(Mao et al., 2015). It is worthy of mention that in some cases, the presence of (bio)surfactants 
may reduce the rate of biodegradation (Paria, 2008). 
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2B.3.1   Biosurfactants in soil washing 
Soil washing is a mechanical technique or physical process which removes 
contaminants from soils using liquids (Mao et al., 2015; García Frutos et al., 2012; Khan et al., 
2004). Soil washing is not characterized by the metabolic activities of biosurfactants or the 
effect of biosurfactants on the properties of the microbial cell-surface. Rather, it depends on the 
chemico-physical properties of the biosurfactants (Pacwa-Plociniczak et al., 2011). Soil 
washing techniques are site-specific as they depend on the soil characteristics (organic and 
inorganic material content and particle size distribution) (Urum and Pekdemir, 2004) and the 
type of hydrocarbon contaminant present. Due to this specificity, research is important to 
provide potentially useful universal guidelines in the selection of (bio)surfactants (Li et al., 
2016).  
Soil washing approach when applied in biodegradation enhances the rate of 
biodegradation without leading to chemical damage of the soil. Soil washing separates 
contaminants from soil relatively quickly and has a remarkable potential of being applied for 
removal of large volumes of contaminants. This versatile and time-efficient approach has 
attracted growing attention in recent years, and research in this area is producing promising 
results. Soil washing has the added advantage of both in situ and ex situ applications. In situ 
applications are also called soil flushing (Lai et al., 2009; Mao et al., 2015; Trellu et al., 2016; 
Huguenot et al., 2015; Khan et al., 2004). 
Surfactant toxicity is a major concern for surfactant enhanced washing of hydrocarbon-
contaminated soils (Han et al., 2009).  Residual synthetic surfactants in soils and groundwater 
pose a potential hazard to human and environmental health when synthetic surfactants are used 
in bioremediation or enhanced soil washing (Chaprão et al., 2015).  Furthermore, research 
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conducted by Chaprão et al. (2015) and Lai et al. (2009) concluded that biosurfactants tested 
(rhamnolipids, surfactin, and biosurfactants produced by yeast Candida sphaerica and 
bacterium Bacillus sp.) exhibited higher hydrocarbon removal efficiencies than synthetic 
surfactants (Tween 80 and Triton X-100). This removal efficiency indicates a most beneficial 
attribute of biosurfactants over synthetic surfactants in hydrocarbon remediation. 
Biosurfactants compared to synthetic surfactants are more ecologically acceptable for 
contaminated soil remediation (Christofi and Ivshina, 2002). Ecological acceptance of 
biosurfactants is one of the most significant advantages it has over the synthetic counterparts 
due to their biodegradable nature and low toxicity (Costa et al., 2010).  
2B.3.2   Biosurfactants in biodegradation 
The mode of action of biosurfactants is one of the few ways by which biosurfactant 
applications in biodegradation are distinguished. Two major mechanisms are involved in the 
application of biosurfactants to enhance bioremediation of hydrocarbons. In the first 
mechanism, biosurfactants act on substrates to increase their bioavailability to microbial cells. 
The biosurfactants increases the hydrocarbon solubilization and dispersion. In the second 
mechanism, biosurfactants interact with cell surfaces to enhance association of substrates with 
microbial cells by modifying the cell membrane and increasing the hydrophobicity of the cell 
surfaces, without damaging the cell membranes (Mulligan and Gibbs, 2004; Pacwa-
Plociniczak et al., 2011; Zhang and Miller, 1995; Souza et al., 2014). Changes in cell 
membrane also increase contact between substrate and cells due to increase in the 
hydrophobicity of the cells (Costa et al., 2010). 
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2B.3.3 Biosurfactants critical micelle concentration in soil washing and 
biodegradation 
The efficiency of biosurfactants is commonly measured by the critical micelle 
concentration (CMC). As the concentration of biosurfactants increase, a critical level is 
reached, above which changes in interfacial properties is no longer evident. Above the critical 
level, micelles are readily formed.  The value of this critical level or concentration at which 
micelles begin to form is known as the CMC (Desai and Banat, 1997; Varjani and Upasani, 
2017; Souza et al., 2014; Urum and Pekdemir, 2004). 
Above the CMC value, surfactant monomers associate with each other and aggregate to 
form micelles in aqueous solution, and the solubility of oil is dramatically increased. In a 
process called solubilization, the hydrophobic contaminants become incorporated within the 
micelle’s hydrophobic interior or core (Li and Chen, 2009; Li et al., 2016; Urum and Pekdemir, 
2004). The environment created in the interior of the micelle is compatible for hydrophobic 
organic molecules, allowing for their solubilization (Urum and Pekdemir, 2004; Costa et al., 
2010). In the micelle, the hydrophilic head of the surfactant faces outwards towards the water 
phase while the hydrophobic tail converges towards the core of the micelle where the oil 
droplet is located (Varjani and Upasani, 2017).  The hydrophilic end which is exposed to the 
water phase keeps the whole structure in solution (Costa et al., 2010). Micelle formation 
consequently results in hydrophobic organic compounds becoming more soluble, mobile and 
bioavailable (Pacwa-Plociniczak et al., 2011). This process of micelle formation exposes the 
hydrocarbon to the bacteria and favors hydrocarbon degradation (Souza et al., 2014). 
Three mechanisms of action of biosurfactants associated with the molecular weight and 
CMC of biosurfactants are involved in hydrocarbon removal through soil washing and 
biodegradation. Mechanism 1 is mobilization which occurs below CMC. Mechanism 2 is 
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solubilization which occurs above CMC due to micelle formation (Costa et al., 2010; Pacwa-
Plociniczak et al., 2011; Urum and Pekdemir, 2004; Souza et al., 2014; Deshpandea et al., 
1999). Pacwa-Plociniczak et al. (2011) attributes these two mechanisms to only low molecular 
weight biosurfactants. The author described Mechanism 3 as emulsification. Emulsification 
occurs with high molecular weight (HMW) biosurfactants. HMW biosurfactants effectively 
stabilize oil-in-water emulsions but do not cause lowering of surface tension (Rosenberg and 
Ron, 1999; Christofi and Ivshina, 2002). Emulsions formed are solutions in which tiny droplets 
of oil are contained in an aqueous medium. HMW biosurfactants also stimulate hydrocarbon 
biodegradation (Souza et al., 2014). 
With mobilization, biosurfactants dramatically lower the interfacial and surface 
tensions of hydrocarbons between soil/water, air/water, and oil/water interfaces making them 
available for biodegradation (Ron and Rosenberg, 2002; Souza et al., 2014; Urum and 
Pekdemir, 2004). There is a reduction in the capillary force holding the soil and oil together, in 
the presence of surfactants as a result of the reduction in the interfacial tension (Urum and 
Pekdemir, 2004). Surfactant molecules are amphiphilic compounds that have a hydrophilic 
group (polar ‘head’) and hydrophobic/lipophilic group (non-polar ‘tail’) (Mulligan, 2005; 
Desai and Banat, 1997; Pacwa-Plociniczak et al., 2011; Luna et al., 2011; Pereira et al., 2013; 
Christofi and Ivshina, 2002). The hydrophilic component is water soluble while the 
hydrophobic component is water insoluble (Deshpandea et al., 1999). The hydrophilic portion 
of biosurfactants or the ‘head’ can be amino acids, cyclic peptide, carbohydrate, carboxylic 
acid, phosphate or alcohol while the hydrophobic portion or the ‘tail’ can be one of the 
following: hydroxyl fatty acid, long-chain fatty acid or α-alkyl-β-hydroxy fatty acid (Mulligan, 
2005). At lower concentrations (usually below the CMC), surfactants accumulate at the liquid-
liquid or solid-liquid interface which leads to a reduction in both the surface and interfacial 
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tensions (Li and Chen, 2009; Desai and Banat, 1997). The surface tension (liquid-air) and the 
interfacial tension (liquid-liquid) when reduced, lowers the repulsive forces between different 
immiscible phases, creating additional surfaces, and allowing an easier interaction and mixing 
of the two dissimilar phases (Varjani and Upasani, 2017; Souza et al., 2014; Christofi and 
Ivshina, 2002). Dissimilar phases can be two immiscible liquids or a liquid and a solid. Thus, 
the ability of biosurfactants to reduce surface and interfacial tensions is one of the measures of 
biosurfactant effectiveness (Pacwa-Plociniczak et al., 2011; Mulligan and Gibbs, 2004). 
Due to surfactants ability to mobilize and solubilize contaminants, they are used for soil 
washing. The pollutant is attached to the hydrophobic tail while water forms a hydrogenic bond 
with the hydrophilic head of the surfactant. This causes a detachment of the pollutant and 
enhancing its removal (Khodadadi et al., 2012; Mulligan, 2005).  
Biosurfactants are also reported to influence cell surface hydrophobicity or cause 
modifications in the cell membrane which may involve changes to the composition of proteins 
in the membranes. The presence of biosurfactants causes changes to occur in the structure of 
bacterial cells surfaces. These changes impact the accessibility of hydrocarbons to bacterial 
cells (Pacwa-Plociniczak et al., 2011; Souza et al., 2014). Sotirova et al. (2009) reported that at 
concentrations below CMC, rhamnolipid biosurfactant produced by Pseudomonas sp. changed 
the outer membrane protein composition of Pseudomonas aeruginosa. The observed changes 
were reported to be probably due to the membrane organization of P. aeruginosa changing 
when biosurfactant monomers bonded to the outer membrane. The changes in the outer 
membrane lead to an increase in the passage of hydrophobic compounds such as hydrocarbons, 
without impacting cell viability or growth negatively. 
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Production of biosurfactants by microorganisms can be related to their growth. 
Biosurfactants are secondary metabolites (Varjani and Upasani, 2017; Mulligan and Gibbs, 
2004). As such, some microorganisms such as Pseudomonas sp. produce biosurfactants in the 
stationary phase of their growth (Desai and Banat, 1997; Varjani and Upasani, 2017; Ron and 
Rosenberg, 2002). Biosurfactants can also be produced in response to growth-limiting 
conditions, or by resting/immobilized cells which despite lack of cell multiplication synthesize 
biosurfactants, or in response to presence of precursors in the growth medium (Desai and 
Banat, 1997).  Production of biosurfactants can be either extracellular or as cell-bound 
molecules (Mulligan and Gibbs, 2004; Satpute et al., 2010). Extracellular production of 
biosurfactants leads to the emulsification of the substrate (i.e., hydrocarbon). On the other 
hand, biosurfactants produced as part of the cell membrane of the microorganism, function in 
facilitating the passage of substrates through the membrane (Mulligan, 2005; Desai and Banat, 
1997). Microorganisms produce biosurfactants, particularly when growing on water-insoluble 
substrates (Luna et al., 2011). Biosurfactants produced extracellularly are secreted as 
emulsifiers into the environment during the growth of microorganisms to assist the 
transportation and translocation of the substrate across their cell membrane (Bognolo, 1999). 
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CHAPTER 3: Rhamnolipid-enhanced washing of drill cuttings and 
petroleum-contaminated soil 
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3.1 Introduction 
Soil washing is described by Urum et al. (2006) as a potentially innovative remediation 
or treatment approach because its full-scale application in the treatment of crude oil 
contaminated soil is limited. According to USEPA (2007), the term “innovative technologies” 
is used to describe alternative treatment technologies that have limited number of applications. 
In addition, data on the cost and performance of innovative technologies is limited. In other 
instances, some of these innovative technologies have been established in certain fields, 
however, their application at waste sites makes them innovative (USEAPA, 2007). Soil 
washing approach has an advantage of being less time-consuming than other remediation 
techniques such as bioremediation and phytoremediation. This technique is performed with 
water and may or may not apply the use of additives such as biosurfactants (Chien et al., 2011; 
Mulligan, 2005). The approach is also cost-effective (Urum et al., 2006). The application of 
biosurfactants has been reported to enhance contaminant flushing by reducing the hydrophobic 
hydrocarbon content in the contaminated soils (Khodadadi et al., 2012). Soil washing allows 
recovery of large volumes of contaminants (Urum et al., 2006). 
Costa et al. (2010) investigated and compared washing of crude oil-contaminated soil 
with commercial rhamnolipid and a rhamnolipid produced and purified in the lab (identified as 
L2-1). The commercial rhamnolipid showed highest removal of 98% at critical micelle 
concentration (CMC), while the lab-synthesized rhamnolipid (L2-1) showed increasing crude 
oil removal as high as 84% at concentrations above the CMC for the contaminated un-
weathered samples. With soil samples contaminated and weathered in the laboratory, 
commercial rhamnolipid and rhamnolipid L2-1 showed removal rates of 86.9% and 90.7% 
respectively. The results suggest that the main removal mechanism for the commercial 
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rhamnolipid was mobilization while solubilization is associated with the crude oil removal by 
rhamnolipid L2-1. Increased removal rates with rhamnolipid L2-1 also indicated their potential 
in oil spill applications. 
Urum and Pekdemir (2004) studied the ability of biosurfactant solutions to remove 
crude oil from contaminated soil by soil washing. Washing was conducted at 20 °C and 200 
rpm for 20 min with 20 cm3 of the various biosurfactant solutions. They observed higher 
removal rates at concentrations below CMC for aescin, lecithin, saponin, and tannin, indicating 
removal of crude oil was due to mobilization. However, this trend was not observed for 
rhamnolipid and SDS (sodium dodecyl sulfate) from the results presented. Furthermore, 
rhamnolipid removed up to 80% crude oil compared to 42% reduction by tannin. The results 
presented above indicate that different removal mechanisms are associated with individual 
biosurfactants, hence the need to investigate biosurfactants individually, as generalizations may 
be erroneous. 
Biosurfactants application is primarily to address one of the major limitations of 
biodegradation. When compared to synthetic (chemically synthesized) surfactants, 
biosurfactants display excellent surface activity, higher selectivity, higher biodegradability and 
less environmental impact. The excellent surface activity makes biosurfactants excellent 
dispersing agents and emulsifiers (Varjani and Upasani, 2017; Desai and Banat, 1997; Pacwa-
Plociniczak et al., 2011; Christofi and Ivshina, 2002). In addition, they display high activity at 
extreme conditions of salinity, temperature, and pH. They are environmentally compatible, 
have lower toxicity and can be released into the environment without resulting in further 
damage from residues. Thus, removal of biosurfactants from effluents before disposal is not 
required. Furthermore, biosurfactants can be synthesized from renewable feedstocks such as 
industrial wastes and by-products (Urum and Pekdemir, 2004; Khodadadi et al., 2012; Chaprão 
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et al., 2015; Desai and Banat, 1997; Pacwa-Plociniczak et al., 2011). The ability of 
biosurfactants to be produced from waste substrates lowers the cost of production and also 
reduces the polluting effect of biosurfactant production process (Pacwa-Plociniczak et al., 
2011). Major disadvantages of synthetic surfactants are their resistance to biodegradation and 
their toxicity (Lai et al., 2009). When compared to synthetic surfactants, biosurfactants are 
more effective due to these identified advantages and their physiochemical characteristics 
which make them better matched to environmental applications (Urum and Pekdemir, 2004).  
Rhamnolipid biosurfactant selected for the present thesis is one of the best-known and 
well-described glycolipid compounds. Glycolipids are the most-studied and best known 
microbial surfactants (Banat et al., 2010; Desai and Banat, 1997; Varjani and Upasani, 2017; 
Szulc et al., 2014; Christofi and Ivshina, 2002) and have attracted significant commercial 
interest (Geys et al., 2014). Glycolipids are classified as low molecular weight biosurfactants 
(Pacwa-Plociniczak et al., 2011; Rosenberg and Ron, 1999; Geys et al., 2014; Christofi and 
Ivshina, 2002). Rhamnolipids are mainly produced by Pseudomonas aeruginosa (Radzuan et 
al., 2017), but generally produced by Pseudomonas sp. (Desai and Banat, 1997). In addition, 
Rhamnolipid has been commercialized by some companies such as Jeneil Biotech Inc., AGAE 
Technologies USA and Rhamnolipids Companies Inc. (Geys et al., 2014), making it a viable 
option with potential for being applied on an industrial scale. The use of rhamnolipids in 
different environmental protection and industrial applications have been reported (Varjani and 
Upasani, 2017; Desai and Banat, 1997). Rhamnolipid is one of the most important classes of 
biosurfactants (Costa et al., 2010). Similarly, environmental field application is one of the most 
encouraging markets for biosurfactants (Costa et al., 2010). 
Despite the vast publications available that highlights successful applications of 
biosurfactants, Banat et al. (2010) cautions that results presented in the literature on the 
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efficiency of biosurfactants in bioremediation are contradictory and not conclusive. The 
authors further state that in bioremediation applications, the effect of addition of biosurfactants 
cannot be predicted, thus emphasizing the need to evaluate the efficacy of biosurfactant 
addition experimentally (Banat et al., 2010). 
The present thesis investigates the effect of five parameters on hydrocarbon reduction: 
temperature, biosurfactant concentration, solution to sample ratio, stirring speed and washing 
time. Various combinations of these parameters have been investigated and reported by Han et 
al. (2009) and Yan et al. (2011), but this research further investigates the interactions between 
the parameters. 
The objectives of this study are as stated below: 
The first objective is to investigate the effects of temperature, biosurfactant 
concentration, solution to sample ratio, stirring speed and washing time on biosurfactant-
enhanced washing of drill cuttings and petroleum-contaminated soil.  
The second objective of the present thesis is to determine optimal treatment conditions 
which are significant for biosurfactant-enhanced washing, and understand the interactions 
between the parameters that have significant effects on hydrocarbon reduction. The significant 
conditions identified can be subsequently focused on as vital test parameters when designing 
treatment conditions in field applications.  
The third objective is to determine the optimal treatment conditions for soil washing. 
The results from these tests would be applied as base treatment conditions in the design of 
bioremediation experiments conducted on the samples in phase 2. The results would inform 
decisions on the significant factors that should be considered when developing treatment 
procedures for petroleum-contaminated soil and drill cuttings.  
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3.2 Materials and methods 
3.2.1 Property of contaminated samples 
3.2.1.1 Drill cuttings 
Drill cuttings were obtained from Tervita Silverberry Landfill, Fort St. John, BC. The 
initial total petroleum hydrocarbon (TPH) concentration of the sample was 5,939 mg kg-1. The 
concentrations of the petroleum hydrocarbon fractions- F2, F3 and F4 fractions were also 
analyzed. Initial concentrations of F2 fraction (representing C10-C16), F3 fraction 
(representing C16-C34) and F4 fraction (representing C34-C50) were 2,334 mg kg-1, 3,350 mg 
kg-1 and 255 mg kg-1 respectively.  
PHC sub-fractions are defined by the US Total Petroleum Hydrocarbons Criteria 
Working Group. There are four fractions defined in equivalent carbon (C) numbers. These are 
Fraction 1 (F1: C6 to C10), Fraction 2 (F2: C10 to C16), Fraction 3 (F3: C16 to C34), and 
Fraction 4 (F4: C34 to C50) (CCME, 2008a). 
3.2.1.2 Petroleum-contaminated soil 
Petroleum-contaminated soils were obtained from Back to Earth Remediation facility, 
42.5 km North of Prince George, BC. The soil was classified as exceeding the BC 
Contaminated Sites Regulation (CSR) Commercial and or Industrial land use standards. The 
initial total petroleum hydrocarbon concentration was 3,276 mg kg-1. Initial concentrations of 
F2 fraction (C10-C16), F3 fraction (C16-C34) and F4 fraction (C34-C50) were 577 mg kg-1, 
2,365 mg kg-1 and 334 mg kg-1 respectively. 
Both samples were stored in a refrigerator at 4 °C. Storing at 4 °C helps minimize degradation, 
reduce the abiotic loss of hydrocarbons and maintains moisture (Schwab et al., 1999; Siddique 
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et al., 2006). Samples were oven dried at 50 °C for 2‒3 d and sieved using 850 µm # 20 ASTM 
E-11 specification sieve to remove stones and coarse particles prior to hydrocarbon analysis 
and treatment. 
3.2.2 Chemicals 
n-Hexane (99% purity, HPLC grade, VWR), dichloromethane (99.8% purity, HPLC 
grade, VWR) and acetone (99.9%, HPLC grade, Anachemia) were used to extract the samples. 
Decane (nC10, ≥ 99% purity, Sigma-Aldrich), hexadecane (nC16, ≥ 99% purity, Sigma-
Aldrich), tetratriacontane (nC34, 98% purity, Sigma-Aldrich), and pentacontane (nC50, > 97% 
purity, Sigma-Aldrich) were used as calibration standards for GC-FID analysis. Silica gel (230-
400 mesh, 60 Angstroms pore size, pH 6.7‒7.2, Silicycle) and sodium sulfate (Anhydrous, 
99% purity, Anachemia) were used for the silica gel column clean up. Rhamnolipid 
biosurfactant (R90-100G) produced by AGAE Technologies LLC (Oregon, USA) was 
purchased from Sigma-Aldrich (90% purity). 
3.2.3 Total petroleum hydrocarbon analysis 
Hydrocarbon was extracted using a mechanical extraction method. The method used 
was adapted from Canadian Council of Ministers of Environment (CCME) reference method 
for Canada-wide standard for petroleum hydrocarbons in soil (CCME, 2001). To extract 
hydrocarbon from the contaminated samples, 2 g of prepared samples were weighed into 20 
mL clear glass vials (VWR International) with 10 mL of 1:1 n-hexane/acetone added. The vials 
were arranged on a platform shaker (New Brunswick Scientific, Edison, USA) for mechanical 
extraction for 1 h at 250 rpm. The vials were allowed to settle for 90 min before transferring 
the supernatant into a 40 mL-vial using transfer pipettes. The extraction was repeated three 
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more times, with the last cycle run for 140 min, to achieve a minimum solvent/dry soil ratio of 
20:1 as specified by the method. 
The extracted solution was cleaned up using silica gel column clean up to remove 
naturally occurring polar organics (CCME, 2001). The tip of the glass column (30 cm length, 
16 mm diameter glass column) was plugged with glass wool (Sigma-Aldrich) and packed with 
activated silica gel followed by anhydrous sodium sulfate to a depth of 6.5 cm and 2.5 cm 
respectively. Silica gel was activated at 101 °C for 12 h and sodium sulfate dried at 400 °C for 
4 h (CCME, 2001; Siddique et al., 2006). Activated silica gel and dried sodium sulfate were 
placed in desiccators while cooling to keep them from absorbing atmospheric humidity before 
use. The packed column was pre-eluted with 20 mL of 1:1 dichloromethane/n-hexane to wet 
and condition the column, and the eluate discarded. The extracted solution was transferred into 
the column, followed by 20 mL of 1:1 dichloromethane/n-hexane to carry the sample through 
the column, with some of the solvent mixture used to rinse the vials into the column. The 
column was further flushed with 20 mL of 1:1 dichloromethane/n-hexane. The eluate was 
collected in 100 mL round bottom flasks (Figure 3.1).  
 
 
Figure 3.1 Hydrocarbon eluate collected from silica gel column after clean up 
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Solvents were evaporated using Heidolph Laborota 4000 rotary evaporator at 35 °C and 
speed of 30 rpm and extract transferred into 2 mL GC vials (Wheaton) in dichloromethane for 
chromatographic analysis. The GC vials were clear vials (76-series, VWR), and caps with 
PTFE/Silicone/PTFE septa. This septa type was specifically used because it is resistant to 
dichloromethane and it minimizes volatilization losses. 
Total petroleum hydrocarbon (TPH) analysis was performed using an Agilent/HP 6890 
Series Gas Chromatograph (GC) equipped with a Flame Ionization Detector (FID). The 
equipment was provided by the Northern Analytical Laboratory Service (NALS), UNBC. For 
the analysis of F2 and F3 fractions, a fused silica capillary column- Supelco 2-4080 
SupelcoWax 10 capillary (Bellefonte, USA) with a length of 30 m, inside diameter of 0.32 mm 
and film thickness of 0.25 µm was used. The parameters used for analysis were: injection 
volume at 2.0 µL, injector temperature at 270 °C, detector temperature at 300 °C, split ratio at 
10:1, helium gas used as carrier gas was maintained at 21.28 psi pressure and constant flow 
rate of 5.2 mL/min. Oven temperature started at 70 °C and was held for 2 min, ramped at 5 °C 
/min to 150 °C, and further increased at 10 °C/min to 270 °C and held for 25 min. Total run 
time for a sample analysis was 55 min. 
For the F4 Fraction analysis, a Zebron ZB-1HT Inferno capillary column (Phenomenex, 
USA) with a length of 30 m, inside diameter of 0.32 mm and film thickness of 0.25 µm was 
used. The parameters used for analysis were injection volume at 1.0 µL, injector temperature at 
320 °C, detector temperature at 300 °C, split ratio at 10:1, helium gas used as carrier gas was 
maintained at 9.52 psi pressure and constant flow rate of 1.4 mL/min. Oven temperature started 
at 130 °C and was held for 2 min, ramped at 30 °C /min to 270°C, and further increased at 5 
°C/min to 385 °C and held for 1 min. Total run time for a sample analysis was 30.67 min. 
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Decane (nC10), hexadecane (nC16), and tetratriacontane (nC34) in dichloromethane at 
approximate concentrations of 20, 50, 100, 200 and 400 mg kg-1 were used to run a 5-point 
calibration curve for retention time marking and for calculating average response factor. The 
concentration of each fraction for each sample extract was calculated by using the integration 
of all area counts within each fraction, the final volume of sample extract, dry weight of 
sample taken and the computed average response factor (CCME, 2001). Pentacontane (nC50) 
was used for retention time marking for the F4 fraction analysis. The hydrocarbon fractions 
analyzed are F2 fraction (nC10 to nC16), F3 fraction (nC16 to nC34) and F4 fraction (nC34 to 
nC50). Total petroleum hydrocarbon (nC10 to nC50) is calculated at the sum of F2, F3 and F4 
fractions. 
The percentage of hydrocarbon removal was calculated using Eq. (3.1). 
 
Petroleum Hydrocarbon Reduction (%) = 
P.Hi‒P.Hr
P.Hi
 x 100  (3.1) 
 
Where 
 P.Hi = The initial concentration of petroleum hydrocarbon in the samples 
P.Hr = The residual concentration of petroleum hydrocarbon in the samples  
after treatment 
3.2.4 Elemental analysis of soil samples 
Sieve analysis was conducted on the samples using American Society for Testing and 
Materials (ASTM) standardized sieves. The sieve sizes are listed in Table 3.4. 
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Soil samples were submitted to UNBC’s Northern Analytical Laboratory Services (NALS) for 
elemental analysis.  Nitrogen and Carbon (total, inorganic and organic) were analyzed via a 
Costech 4010 Elemental Combustion System. Metals were assayed on an Agilent 5100 ICP-
OES following an acid digestion (EPA 3050b).  
3.2.5 Determination of critical micelle concentration 
Serial dilutions of the rhamnolipid solution were made to obtain concentrations ranging 
from 10 mg L-1 to 800 mg L-1. The upper limit was capped at 800 mg L-1 after constant surface 
tension values were observed (Luna et al., 2011). Each test was conducted in quadruplicate, 
and the average calculated. The surface tension was measured using a Surface Tensiomat 
(Fisher Scientific, model 21) at room temperature (approximately 23 °C). For accuracy, the 
values were read three times. Critical micelle concentration (CMC) of surfactants in aqueous 
solutions is dependent on temperature, water hardness and electrolyte (Urum and Pekdemir, 
2004). The CMC of rhamnolipid was determined by plotting the graph of the surface tension 
versus the log of the rhamnolipid concentration (Luna et al., 2011; Bodour et al., 2004). The 
CMC was observed as the point beyond which further increase in biosurfactant concentration 
did not result in a decrease in the surface tension of water (Luna et al., 2011). Surfactants can 
decrease the surface tension of water to approximately 27 mN/m from 72 mN/m (Christofi and 
Ivshina, 2002).  
3.2.6 Sampling and experimental procedure 
The dried and sieved samples were thoroughly mixed to allow even sampling. 
Subsequently, 5 g of samples were weighed into 125 mL Erlenmeyer flasks and covered with 
aluminum foil. 
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The experimental plan for the rhamnolipid washing treatment was designed with 
Taguchi experimental design method (Section 3.2.6.1). Five parameters that influence 
hydrocarbon removal with biosurfactants were investigated at five levels each. The parameters 
were: temperature, rhamnolipid concentration, washing time, stirring speed, and solution to 
sample ratio (S/S ratio). S/S ratio represents the volume of the rhamnolipid solution to the mass 
of sample, reported as mL g-1. Mass of sample used for washing was 5 g. These washing 
parameters have been researched by Yan et al. (2011), Urum and Pekdemir (2004) and Han et 
al. (2009), although the experimental procedures used for the soil washing were different from 
the present thesis. To investigate each factor at different levels, the other four factors were kept 
constant by Yan et al. (2011). The value that produced the highest TPH reduction was used in 
subsequent tests. Urum and Pekdemir (2004) and Han et al. (2009) maintained the same values 
for four factors and only tested the concentration of different biosurfactants at different levels. 
In the present thesis, the Taguchi experimental method was used to design a robust experiment 
that allowed all five factors to be tested at various levels at the same time. This is presented in 
Table 3.1. Each experimental level was carried out in triplicate, with a total of 75 experiments 
conducted for each sample type (25 levels multiplied by 3). The biosurfactant concentrations 
tested were at and above the CMC of the rhamnolipid biosurfactant used.  
3.2.6.1 Taguchi experimental method 
The Taguchi method is applied in the design stage of experiments and processes, and in 
the analysis of process parameters. It allows combination of multiple factors at multiple levels. 
The Taguchi method uses orthogonal arrays to study entire processes with minimal number of 
experiments (Eşme, 2009). The Taguchi method was used in designing the experimental plan 
as it saves time and reduces the number of experiments and experimentation cost (Karna and 
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Sahai, 2012; Asiltũrk and Akkuş, 2011). The signal-to-noise ratios and analysis of variance are 
used to investigate the effect of the washing parameters on petroleum hydrocarbon reduction 
(PHC). Details of analysis conducted are provided in Section 3.2.7. 
3.2.6.2 Biosurfactant washing experiment 
The samples in the Erlenmeyer flasks were placed in environmental growth chambers a 
few hours before treatment to precondition the samples to the treatment temperature. The 
growth chambers had been pre-set to the appropriate temperature 48 h before the washing 
experiments started. The different rhamnolipid concentrations were prepared using distilled 
water in 1 L volumetric flasks. To prepare the stock solution, rhamnolipid was weighed into 
the volumetric flask, with distilled water added to the graduated mark. The desired 
concentrations were prepared from the stock solution by diluting with distilled water in 100 
mL volumetric flasks. The appropriate volume and concentration of biosurfactant solution 
were added to the samples in the Erlenmeyer flasks based on the experimental plan just before 
washing. Magnetic stir-bars were placed in the flasks; equal-sized ‘Octagon Blue’-shaped stir 
bars (Spinbar, Fisher Scientific) were used for all the experiments to ensure uniformity of 
mixing.  
The flasks were placed on a hot plate magnetic stirrer (7X7 Ceramic topped, VWR) 
while the hot plate was turned on and set to the appropriate temperature for samples washed at 
30 °C and 40 °C. After washing the samples at the specified washing time and stirring speed, 
the soil particles in the flasks were allowed to settle for 3 h after which the biosurfactant 
solution was pipetted off. Pipettes were used to transfer the supernatant rather than decanting to 
reduce the loss of samples. It was also observed that decanting solution for experiments 
conducted with 5 mL volume of biosurfactants would be challenging as the solution mixed 
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more thoroughly with the samples, particularly at high stirring speeds. The samples were rinsed 
using distilled water under the same treatment conditions used for the biosurfactant treatment 
with the exception of washing time. Rinsing was conducted for a duration of 10 min for all 
samples. 
Table 3.1 Taguchi experimental design for rhamnolipid washing of drill cuttings and petroleum-
contaminated soil 
Experiment  Temperature Rhamnolipid  Washing Stirring Solution to Sample 
No.  (°C) Concentration Time Speed  Ratio 
     (mg L-1)  (min)  (rpm)  (mL g-1) 
1 10 100 10 100 1:1 
2 10   200   30 150 2:1 
3 10 300 60 200 3:1 
4 10 400 180 250 4:1 
5 10 500 360 300 5:1 
6 20 100 30 200 4:1 
7 20 200 60 250 5:1 
8 20 300 180 300 1:1 
9 20 400 360 100 2:1 
10 20 500 10 150 3:1 
11 30 100 60 300 2:1 
12 30 200 180 100 3:1 
13 30 300 360 150 4:1 
14 30 400 10 200 5:1 
15 30 500 30 250 1:1 
16 40 100 180 150 5:1 
17 40 200 360 200 1:1 
18 40 300 10 250 2:1 
19 40 400 30 300 3:1 
20 40 500 60 100 4:1 
21 room 100 360 250 3:1 
22 room 200 10 300 4:1 
23 room 300 30 100 4:1 
24 room 400 60 150 1:1 
25 room 500 180 200 2:1 
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For experiments conducted with 5 mL of biosurfactant solution, 10 mL of distilled 
water was used to rinse the samples to ensure that more of the biosurfactant solution was 
decanted. Rinsing ensures oil is removed from the wall of the flasks, biosurfactant is removed 
from the samples, and emulsions are not formed in the process of extracting residual 
hydrocarbons from the samples using solvents (Urum et al., 2004; Yan et al., 2011). After 
rinsing, the soil particles were allowed to settle for 3 h after which the rinse solution was 
pipetted off and the samples air-dried. Room temperature for the treatment averaged 23.5 °C. 
The washed samples were stored at 4 °C until hydrocarbon extraction.  
3.2.7 Reporting of results 
All triplicate of each experimental level were analyzed for residual PHC 
concentrations. The mean values and standard deviation were calculated for all experiment 
levels. Data were analyzed using the Minitab 17 software. 
3.2.7.1 Signal-to-noise ratio 
The results obtained from the experiments are analyzed with the signal-to-noise (S/N) 
ratio. The S/N ratio combines the standard deviation and mean into a single measure in the 
analysis of data obtained from the design (Maghsoodloo et al., 2004).  By using the 
signal/noise ratio, the Taguchi experimental design identifies noises (i.e., outside influences) 
that affects the experimental design (Karna and Sahai, 2012). The desired level of signal is 
compared to the background noise; the higher the S/N, the less prominent the noise (Asiltũrk 
and Akkuş, 2011). Signal-to-noise ratio in the Minitab 17 software identifies the factor in 
which the effect of noise on the response is minimized. 
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The optimal washing parameters and the optimal parameter combinations are obtained 
by using the analysis of the signal-to-noise ratio (Eşme, 2009). With Taguchi, the optimal 
levels of design parameters can be identified, which ensures robustness in the response of the 
system. By optimizing the process, cost reduction, increased output, and maximized efficiency 
are achieved (Karna and Sahai, 2012). The “larger the better” situation is applied as the quality 
characteristic in the analysis of S/N ratio in this study because the larger the petroleum 
hydrocarbon reduction, the better the result. The highest S/N ratio gives the optimal level of the 
parameter tested (Karna and Sahai, 2012; Eşme, 2009). 
3.2.7.2 Main effects plot 
The main effect plots is a plot or graphical representation that identifies the optimal 
level of each parameter based on the S/N ratio (Karna and Sahai, 2012). 
3.2.7.3 Interaction plots 
Interaction plots are used to show the level of interaction between factors. They are 
graphical representations that display the two-factor interactions among the columns in an 
orthogonal array (Minitab 17 Statistical Software, 2010). The more non-parallel the lines in the 
interaction plot, the greater the degree of interaction. The statistical significance of the 
interactions is not presented because the Taguchi orthogonal array used for this experiment 
(L25) is not optimized for ANOVA tests to evaluate the statistical significance of the interaction 
between factors. Accounting for interactions between factors is difficult with Taguchi, and this 
is identified as one of its disadvantages (Eşme, 2009), and not all interactions can be studied 
with Taguchi’s orthogonal arrays (Maghsoodloo et al., 2004). Hence, the interaction plots will 
be used. 
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3.2.7.4 Statistical analysis 
All statistical analyses were done using Minitab 17 Software. 
3.2.7.4.1 Analysis of variance (ANOVA) 
ANOVA determines the statistical significance and the level of importance of the 
parameters on PHC reduction. This information is subsequently used to plan and perform 
future experiments such as the phase 2 of the present thesis -biodegradation experiment (Karna 
and Sahai, 2012; Eşme, 2009). ANOVA was tested for p < 0.05 for significance. 
3.2.8 Regulatory standards 
The residual petroleum hydrocarbon concentrations were compared to 2008 Canada-
Wide Standards (CWS) for petroleum hydrocarbons in soils (PHC CWS) (CCME, 2008b) 
presented in Table 3.2. The figures presented are Tier 1 generic numerical level, which are 
remedial standards for both surface and subsoil which occur in four different categories for 
land use. The most stringent standards for F2, F3, and F4 fractions that consider protection of 
potable groundwater are adopted for comparison in the present thesis.  
Table 3.2 Canada-wide standards of petroleum hydrocarbon (in mg kg-1) for surface soils 
Hydrocarbon 
Fraction Soil texture 
Land Use 
Agricultural 
Residential/ 
Parkland Commercial Industrial 
F2 CGS 150 150 260 260 
FGS 150 150 260 260 
F3 
CGS 300 300 1700 1700 
FGS 1300 1300 2500 2500 
F4 
CGS 2800 2800 3300 3300 
FGS 5600 5600 6600 6600 
CGS = Coarse grained soil, FGS = Fine grained soil 
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An additional level of comparison is provided for the results obtained in the present 
thesis using the British Columbia Contaminated Sites Regulation (BC CSR) standards - 
Schedule 3.1 (BC Ministry of Environment and Climate Change Strategy, 2017). The Stage 11 
amendments came into effect on November 1, 2017.  While it is noted that the present thesis 
did not follow the provincial reference method for extraction and analysis of petroleum 
hydrocarbons, the figures are presented as a reference because the samples used in the 
treatments were obtained from sites in British Columbia.  Light extractable petroleum 
hydrocarbons in soil (LEPHs) and heavy extractable petroleum hydrocarbons in soil (HEPHs) 
are calculated by subtracting nine specific polycyclic aromatic hydrocarbons1 (PAHs) from 
extractable petroleum hydrocarbons- EPH (C10-C19) and EPH (C19-C32) respectively. The 
provincial reference method is as stipulated in the 2015 BC Environmental Laboratory Manual 
(British Columbia Contaminated Sites Regulation, 2018; BC Ministry of Environment, 2015). 
Despite the difference in the specifics of the standard, we believe a qualified 
comparison is plausible as the BC CSR generic numerical standards are reported to be based on 
the soil quality criteria provided by Canadian Council of Ministers of the Environment 
(CCME) (BC Ministry of Environment, 2009). According to the BC Ministry of Environment 
(2003), TPH and EPH (extractable petroleum hydrocarbon) are not permitted by the Director to 
be used to determine legal compliance with LEPH and HEPH standards. EPH is, however, 
accepted as a valuable screening tool which can be used for investigating contaminated sites. 
 
 
 
                                                 
11 PAHs- benz[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene, dibenz[a,h]anthracene, 
indeno [1,2,3-cd] pyrene, naphthalene, phenanthrene and pyrene. 
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Table 3.3 BC Contaminated Sites Regulation (BC CSR) generic numerical soil standards to protect 
human health and ecological health 
Land Use 
Petroleum Hydrocarbon (mg kg-1) 
Human Health Ecological Health 
LEPHs  HEPHs LEPHs HEPHs 
Wildlands Natural 1000 1000 650 650 
Wildlands Reverted 1000 1000 1000 1000 
Agricultural 1000 1000 1000 1000 
Urban Park 1000 1000 1000 1000 
Residential Low Density 1000 1000 1000 1000 
Residential High Density 1000 1000 2000 5000 
Commercial 2000 5000 2000 5000 
Industrial 2000 5000 2000 5000 
     LEPHs = Light Extractable Petroleum Hydrocarbons in soil with the exception of specific 
PAHs2 
HEPHs  = Heavy Extractable Petroleum Hydrocarbons in soil with the exception of 
specific PAHs3 
3.3 Results and discussion 
3.3.1 Soil physical and chemical properties 
The results of the soil characterization are presented in Table 3.4 and Table 3.5. The 
samples were pretreated to remove the organic content before soil texture analysis was 
conducted. 
 
 
 
 
                                                 
2 Naphthalene and phenanthrene 
3 Benz[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene, dibenz[a,h]anthracene, indeno 
[1,2,3-cd] pyrene, and pyrene. 
62 
 
Table 3.4 Sieve analysis for petroleum-contaminated soil and drill cuttings 
Sieve Size 
Percentage (% by mass) 
Petroleum-
Contaminated Soil Drill Cuttings 
≥ 25 mm 22.2 0.0 
≥ 16 mm but < 25 mm 0.0 3.7 
≥ 8 mm but < 16 mm 4.6 1.6 
≥ 4 mm but < 8 mm 5.7 5.5 
≥ 2 mm but < 4 mm 9.5 8.7 
≥ 850 µm but < 2 mm 14.3 10.9 
≥ 500 µm but < 850 µm 14.5 23.0 
≥ 250 µm but < 500 µm 14.2 17.1 
≥ 53 µm but < 250 µm 12.8 21.8 
< 53 µm 2.3 7.7 
 
 
Table 3.5 Physical and chemical characteristics of petroleum-contaminated soil (PCS) and drill cuttings 
  Drill PCS   Drill PCS 
  Cuttings     Cuttings   
Properties                                                   
(%) 
Elements Concentration 
(mg kg-1) 
Total Carbon 12.27 6.26 P 1299 1374 
Inorganic Carbon 8.61 N/A K 5736 3117 
Organic Carbon 3.66 7.4 Fe 14227 36214 
Total Nitrogen  0.05 0.29 Cu 79 395 
   
Zn 293 883 
Soil Texture (%) S 9048 1930 
Silt 73.8 40.4 Mg 10143 9677 
Clay 3.7 3.1 Mn 320 595 
Sand 22.5 56.6 Ca 53119 15505 
   
Co 2 2 
   
Mo 9 30 
   
Al 11320 16220 
   
Ba 4253 375 
   
Na 1396 1081 
      Sr 258 70 
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3.3.2 Rhamnolipid critical micelle concentration 
The critical micelle concentration (CMC) value for the rhamnolipid used was computed 
as 100 mg L-1 at 23 °C (Figure 3.2).  
The rhamnolipid used decreased the surface tension of water to 30 mN/m as shown in 
Figure 3.2. This is comparable to Lai et al. (2009) that reported a reduction of surface tension 
of water to 29.5 mN/m by rhamnolipid. According to Costa et al. (2010), rhamnolipids can 
reduce surface tension of water to values below 30 mN/m from 72 mN/m. 
 
 
Figure 3.2 Determination of critical micelle concentration (CMC) of rhamnolipid biosurfactant at 23 °C 
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3.3.3 Petroleum hydrocarbon reduction in petroleum-contaminated soil 
3.3.3.1 Total petroleum hydrocarbon (TPH) and hydrocarbon fractions reduction in 
petroleum-contaminated soil. 
 Figure 3.3 represents the total petroleum hydrocarbon (TPH) and hydrocarbon 
fractions (F2, F3, and F4) reductions in petroleum-contaminated soil after conducting 
biosurfactant washing at twenty-five different experimental levels. The highest reduction for 
TPH, F2 and F3 fractions in petroleum-contaminated soil was recorded at experiment L2 
(Temperature = 10 ºC, rhamnolipid concentration = 200 mg L-1, washing time = 30 min, 
stirring speed = 150 rpm, S/S ratio = 2:1 (i.e., rhamnolipid solution volume = 10 mL)). The 
highest reduction for F4 fraction was recorded at experiment L25 (Temperature = room 
temperature (approx. 23.5 ºC), rhamnolipid concentration = 500 mg L-1, washing time = 180 
min, stirring speed = 200 rpm, S/S ratio = 2:1 (i.e., rhamnolipid solution volume = 10 mL)). 
The maximum petroleum hydrocarbon (PHC) reduction rate for TPH, F2, F3 and F4 fractions 
was 58.5%, 48.4%, 63.5% and 59.8% respectively. Overall, the highest PHC reduction was 
observed in the F3 fraction, as reduction rates for all experiments were above 49%, and 
average reduction rate across all experimental levels was 56.4%. Lowest PHC reduction rate 
for TPH, F2, F3 and F4 fractions was 41.4%, 15.3%, 49.2% and 26.8% respectively. For TPH, 
F2 and F3 the lowest reduction was recorded at L7 (Temperature = 20 ºC, rhamnolipid 
concentration = 200 mg L-1, washing time = 60 min, stirring speed = 250 rpm, S/S ratio = 5:1 
(i.e., rhamnolipid solution volume = 25 mL)), while L17 resulted in the lowest reduction of F4 
(Temperature = 40 ºC, rhamnolipid concentration = 200 mg L-1, washing time = 360 min, 
stirring speed = 200 rpm, S/S ratio = 1:1 (i.e., rhamnolipid solution volume = 5 mL)). 
 The reduction of PHCs expressed in percentages is listed in Table 3.6 for TPH, F2, F3 
and F4 fractions. The S/N ratios for all experimental levels in the orthogonal array are also 
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listed in Table 3.6. Table 3.7 lists the initial PHC concentration in petroleum-contaminated soil 
prior to rhamnolipid washing and the residual PHC concentrations after treatment for TPH, and 
fractions F2, F3 and F4. 
The TPH removal rates recorded in this experiment is comparable to results presented 
by Lai et al. (2009). Maximum TPH removal with rhamnolipid washing for TPH contaminated 
soil with an initial concentration of 3,000 mg kg-1 was given as 23.4% at a concentration of 0.2 
mass%. Iturbe et al. (2004) reported comparable results with on-site soil washing of PHC 
contaminated soil with initial average TPH of 9,172 mg kg-1. About 83% TPH removal was 
observed with soil washing. Biosurfactant soil washing in the research was carried out in 
multiple steps until the final TPH concentration required was achieved. Whereas, rhamnolipid 
soil washing process used in the present thesis was conducted only once and it gave reduction 
values as high as 58.4% for PCS. 
The residual concentration of PHC in the sample is shown in Figure 3.4. It was 
observed that after rhamnolipid washing, residual TPH concentration in the sample was below 
1,919 mg kg-1, largely due to F3 fraction, as the highest residual concentration for this fraction 
was recorded as 1,203 mg kg-1 (L7). Based on the results, this experiment indicates that 
rhamnolipid washing is an effective and time-efficient procedure for reducing the PHC content 
of petroleum-contaminated soils. 
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Table 3.6 Petroleum hydrocarbon reduction of total petroleum hydrocarbon (TPH), F2, F3 and F4 fractions in petroleum-contaminated soil after 
rhamnolipid washing
Experiment  Temperature Rhamnolipid  Washing Stirring 
Solution to 
Sample   
PHC Reduction (%) 
  
S/N Ratios No.  (°C) Concentration Time Speed  Ratio 
  
     (mg L-1)  (min)  (rpm)  (mL g-1)   TPH F2 F3 F4   TPH F2 F3 F4 
L1 10 100 10 100 1:1 
 
48.7 30.5 54.7 38.3 
 
33.57 29.68 34.57 29.42 
L2 10 200 30 150 2:1 
 
58.4 48.3 63.5 40.4 
 
35.32 33.69 35.98 30.80 
L3 10 300 60 200 3:1 
 
53.8 40.6 59.0 39.8 
 
34.61 32.18 35.25 30.23 
L4 10 400 180 250 4:1 
 
55.7 43.1 60.6 42.8 
 
34.75 32.69 35.52 29.11 
L5 10 500 360 300 5:1 
 
52.9 37.0 58.3 42.2 
 
34.41 31.36 35.26 29.65 
L6 20 100 30 200 4:1 
 
51.8 27.0 58.4 47.9 
 
34.26 28.63 35.10 32.69 
L7 20 200 60 250 5:1 
 
41.4 15.3 49.2 31.8 
 
32.19 23.71 33.53 22.20 
L8 20 300 180 300 1:1 
 
51.6 45.3 53.0 51.9 
 
34.24 33.12 34.35 32.66 
L9 20 400 360 100 2:1 
 
49.9 32.3 56.0 37.2 
 
33.79 30.18 34.91 29.39 
L10 20 500 10 150 3:1 
 
48.7 21.9 56.1 42.5 
 
33.44 26.80 34.70 32.24 
L11 30 100 60 300 2:1 
 
44.2 20.4 51.9 31.2 
 
32.84 26.18 33.95 28.16 
L12 30 200 180 100 3:1 
 
50.0 28.3 57.4 35.5 
 
34.49 29.03 34.99 28.36 
L13 30 300 360 150 4:1 
 
46.5 21.5 53.9 37.0 
 
33.21 26.67 34.31 22.53 
L14 30 400 10 200 5:1 
 
50.4 35.2 54.6 46.4 
 
33.90 30.94 34.70 31.33 
L15 30 500 30 250 1:1 
 
54.9 39.6 61.0 38.3 
 
34.68 31.95 35.63 26.90 
L16 40 100 180 150 5:1 
 
47.8 37.5 51.8 37.4 
 
33.37 31.48 34.12 22.29 
L17 40 200 360 200 1:1 
 
46.1 28.9 53.0 26.8 
 
33.08 29.21 33.92 23.68 
L18 40 300 10 250 2:1 
 
48.1 29.9 53.7 40.2 
 
33.58 29.53 34.14 29.52 
L19 40 400 30 300 3:1 
 
49.4 32.5 55.2 38.1 
 
33.72 30.24 33.93 25.36 
L20 40 500 60 100 4:1 
 
51.0 40.6 54.5 43.9 
 
34.12 32.17 34.23 31.82 
L21 room 100 360 250 3:1 
 
57.6 40.7 62.2 54.6 
 
35.21 32.18 35.65 33.93 
L22 room 200 10 300 4:1 
 
53.9 46.3 57.4 42.3 
 
34.63 33.32 34.95 30.95 
L23 room 300 30 100 4:1 
 
50.0 41.3 54.6 32.3 
 
33.82 32.33 34.20 30.14 
L24 room 400 60 150 1:1 
 
56.0 44.2 61.1 40.8 
 
34.94 32.92 35.64 30.89 
L25 room 500 180 200 2:1   56.4 40.6 59.7 59.7   34.96 32.18 35.48 34.75 
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Table 3.7 Initial petroleum hydrocarbon concentration and residual petroleum hydrocarbon 
concentration in petroleum-contaminated soil (PCS) after rhamnolipid washing 
Initial petroleum hydrocarbon concentration in petroleum-contaminated soil (mg kg-1) 
 
TPH SD for TPH F2 SD for F2 F3 SD for F3 F4 SD for F4 
 3276 256 577 169 2365 96 334 66 
 Residual petroleum hydrocarbon concentration in petroleum-contaminated soil after 
rhamnolipid washing (mg kg-1) 
  TPH SD for TPH F2 SD for F2 F3 SD for F3 F4 SD for F4 
L1 1679 227 401 221 1072 200 206 72 
L2 1361 69 298 152 864 131 199 48 
L3 1513 50 343 192 969 208 201 50 
L4 1451 266 328 208 932 178 191 88 
L5 1542 146 364 182 986 116 193 96 
L6 1578 103 421 167 983 237 174 52 
L7 1919 176 489 80 1203 219 228 94 
L8 1587 35 316 137 1111 161 161 64 
L9 1642 240 391 145 1041 94 210 70 
L10 1682 285 451 71 1039 238 192 28 
L11 1827 140 459 125 1138 266 230 46 
L12 1637 380 414 205 1007 191 215 65 
L13 1754 194 453 98 1091 258 210 88 
L14 1626 206 374 212 1073 95 179 79 
L15 1477 211 349 139 922 135 206 76 
L16 1711 232 361 133 1141 175 209 102 
L17 1766 231 411 79 1111 315 244 52 
L18 1699 136 404 86 1095 274 200 73 
L19 1657 215 389 134 1061 375 207 79 
L20 1606 81 343 159 1076 289 187 54 
L21 1388 55 342 138 894 230 152 57 
L22 1510 7 310 168 1008 211 193 60 
L23 1638 209 338 110 1074 302 226 7 
L24 1441 105 322 126 921 136 198 56 
L25 1430 149 343 174 952 96 134 60 
SD = Standard deviation
68 
 
 
 
 
Figure 3.3 Total petroleum hydrocarbon and hydrocarbon fractions reduction in petroleum-contaminated soil through rhamnolipid washing 
experiments (Error bars indicate standard deviations) 
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Range of residual concentrations in the samples are F2 = 298 – 489 mg kg-1, F3 = 864 – 
1,203 mg kg-1 and F4 = 134 – 244 mg kg-1. The CGS standards were used for comparison as 
over 85% of the sample has grain size greater than 250 µm. Canada-wide standards for 
petroleum hydrocarbons (PHC CWS) follows American Society for Testing and Materials 
(ASTM) soil classification which classifies soil with a median grain size of >75 µm as coarse-
grained soil (CCME, 2008b). Results of sieve analysis are presented in Table 3.4. When 
compared to Table 3.2, residual concentrations for F2 fraction exceeded the standards for all 
four land use categories, while F3 fraction exceeded the standards for agricultural and 
residential/parkland land use but were less than the applicable standards for commercial and 
industrial land use. F4 fraction, on the other hand, was below all the applicable regulatory 
standards. These residual concentrations indicate the need for further remediation methods to 
reduce the PHC of F2 and F3 fractions to levels below the CWS. 
In comparing the results of residual concentrations to BC CSR standards in Table 3.3, 
F2 fraction is compared to LEPHs and F3 fraction is compared to HEPHs despite the overlap 
in carbon chain. For F2 fraction in petroleum-contaminated soil, the maximum residual 
concentration falls below the stipulated standards for LEPHs for all land use types. The 
minimum residual concentration recorded for F3 fraction were less than the stipulated 
standards for HEPHs for all land use types except ‘wildlands natural’. This shows that 
according to BC regulations, rhamnolipid washing was sufficient in reducing PHC to levels 
within the stipulated standards.
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Figure 3.4 Residual concentration of petroleum hydrocarbon in petroleum-contaminated soil after rhamnolipid washing experiments (Error bars 
indicate standard deviations, IPH = Initial petroleum hydrocarbon) 
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3.3.3.2 Optimal rhamnolipid washing conditions in petroleum-contaminated soil 
Analysis of signal-to-noise ratio was used to show the performance of the different 
levels of the five parameters in reducing petroleum hydrocarbon through rhamnolipid washing 
as explained in Section 3.2.7.1. 
Factor levels that maximize the S/N ratio (i.e., larger is better) are chosen as optimal 
rhamnolipid washing conditions. This reflects the best factor level for each of the factors and 
the response characteristic of choice- S/N ratio. Using S/N ratios in TPH reduction, the 
parameters are ranked from 1 (highest) to 5 (lowest) as temperature, S/S ratio, washing time, 
rhamnolipid concentration, and stirring speed. The optimal rhamnolipid washing conditions for 
TPH reduction in PCS as shown in Figure 3.5 were: temperature of 23.5 °C (room 
temperature), rhamnolipid concentration of 500 mg L-1 (level 5), washing time of 30 min (level 
2), stirring speed of 200 rpm (level 3) and S/S ratio of 4:1(level 4). Based on ANOVA results 
presented in Table 3.5, at a significance level of 0.05, no individual factor showed a significant 
effect on rhamnolipid washing. Temperature, however, had the lowest p-value for TPH, F2 and 
F3. In overall TPH reduction, the degree of significance based on p-values in decreasing order, 
are temperature, washing time, solution to sample ratio, rhamnolipid concentration and stirring 
speed. 
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Figure 3.5 Main effects of test parameters on total petroleum hydrocarbon reduction in petroleum-
contaminated soil through rhamnolipid washing treatment 
 
 
The S/N ratio decreased with increase in temperature from 10 °C to 20 °C (i.e., level 1 
to level 2). However, there was an increase in S/N ratio when temperature was increased from 
20 °C to room temperature. The subsequent increase in temperature to 30 °C and then to 40 °C 
led to a decrease in S/N ratio. A decrease in S/N ratio was observed with increase of 
rhamnolipid concentration from 100 mg L-1 to 200 mg L-1 (i.e., level 1 to level 2). When 
rhamnolipid concentration was increased from 200 mg L-1 (i.e., level 2) through to 500 mg L-1 
(i.e., level 5), S/N ratio increased.  
It was observed that increasing the washing time from 10 min to 30 min (i.e., level 1 to 
level 2), led to an increase in S/N ratio. S/N ratio decreased when washing time was increased 
to 60 min (i.e., level 3), but S/N ratio increased again when washing time was increased to 180 
73 
 
min (i.e., level 4) with a subsequent decrease in S/N ratio when washing time was increased to 
360 min (i.e., level 5). 
 S/N ratio increased with increase in stirring speed from 100 rpm to 200 rpm (i.e., level 
1 to level 3). Increasing the stirring speed from 200 rpm to 300 rpm (i.e., level 3 to level 5) 
showed a decrease in S/N ratio. With S/S ratio, increase from level 1 to level 4 (i.e., 1:1 to 4:1) 
showed an increase in S/N ratio, but when the S/S ratio was increased to level 5 (i.e., 5:1), the 
S/N ratio decreased. If the actual value of S/N ratio were considered, increase in S/S ratio to 
level 2 showed a decrease, with an increase in S/N ratio when the S/S ratio was increased to 
3:1. The observed changes in S/N ratio between level 1 and level 3 were slight. The S/N ratio 
for level 1, 2 and 3 for stirring speed were 34.1033, 34.0999 and 34.1117 respectively, 
indicating that TPH reduction is not significantly influenced by changes between the three 
levels. 
Table 3.8 ANOVA for rhamnolipid washing experiment for reduction of total petroleum hydrocarbon 
in petroleum-contaminated soil 
Source DF Adj SS Adj MS F-Value P-Value 
Temperature 4 165.89 41.472 1.35 0.389 
Rhamnolipid Concentration 4 30.46 7.616 0.25 0.897 
Washing Time 4 39.25 9.812 0.32 0.853 
Stirring Speed 4 10.98 2.746 0.09 0.981 
Solution to Sample Ratio 4 36.87 9.217 0.30 0.865 
Residual Error 4 122.91 30.727 
  Total 24 406.36       
 
Main effects plot of S/N ratio of F2 reduction after biosurfactant washing is shown in 
Figure 3.6. Optimal conditions for reduction of F2 fraction were: temperature of 23.5 °C (room 
temperature), rhamnolipid concentration of 400 mg L-1 (level 4), washing time of 180 min 
(level 4), stirring speed of 300 rpm (level 5) and S/S ratio of 1:1 (level 1). Using S/N ratios 
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observed for F2 reduction, the factors are ranked from 1 (highest) to 5 (lowest) as temperature, 
washing time, rhamnolipid concentration, S/S ratio and stirring speed. Based on ANOVA 
results presented in Table 3.9, at a significance level of 0.05, no individual factor shows a 
significant effect on rhamnolipid washing. Temperature, however, has the lowest p-value for 
F2 fraction reduction.  
 
Figure 3.6 Main effects of test parameters on F2 fraction reduction in petroleum-contaminated soil 
through rhamnolipid washing treatment. 
 
The pattern of change of S/N ratio for F2 reduction was similar to TPH (Figure 3.5) for 
parameters- temperature, rhamnolipid concentration and washing time, with some minor 
differences. For F2 reduction, S/N ratio increased when temperature was increased from 30 °C 
to 40 °C, but for TPH, a similar change in temperature showed a decrease in S/N ratio. S/N 
ratio increased with increase in rhamnolipid concentration from 100 mg L-1 to 400 mg L-1 (i.e., 
level 1 to level 4). When rhamnolipid concentration was increased to 500 mg L-1 (i.e., level 5), 
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the S/N ratio decreased. The pattern observed for stirring speed and S/S ratio were different for 
F2 reduction and TPH reduction.  
It was observed that for parameter- stirring speed, increase in stirring speed from 100 
rpm to 150 rpm (i.e., level 1 to level 2) led to a decrease in S/N ratio. When stirring speed was 
increased to 200 rpm (i.e., level 3), the S/N ratio increased slightly. The S/N ratio decreased 
when stirring speed was increased to level 4 (i.e., 250 rpm). However, a subsequent increase in 
stirring speed from level 4 to level 5 (i.e., 250 rpm to 300 rpm) showed an increase in S/N 
ratio. With S/S ratio, increase to level 3 from level 1 (i.e., from 1:1 to 3:1) showed a decrease 
in S/N ratio, when the S/S ratio was increased to level 4 (i.e., 4:1), the S/N ratio increased. The 
S/N ratio, however, decreased with increase in S/S ratio to 5:1 (i.e., level 5). 
Table 3.9 ANOVA for rhamnolipid washing experiment for reduction of F2 fraction in petroleum-
contaminated soil 
Source DF Adj SS Adj MS F-Value P-Value 
Temperature 4 761.86 190.464 1.18 0.438 
Rhamnolipid Concentration 4 97.24 24.310 0.15 0.953 
Washing Time 4 238.75 59.687 0.37 0.821 
Stirring Speed 4 21.97 5.491 0.03 0.997 
Solution to Sample Ratio 4 71.73 17.932 0.11 0.972 
Residual Error 4 645.92 161.481 
  Total 24 1837.46       
 
Figure 3.7 and Table 3.10 presents the results for S/N ratio analysis and ANOVA 
respectively for F3 reduction following rhamnolipid washing. Optimal conditions for reduction 
of F3 fraction were: temperature of 10 °C (level 1), rhamnolipid concentration of 500 mg L-1 
(level 5), washing time of 30 min (level 2), stirring speed of 150 rpm (level 2) and S/S ratio of 
3:1(level 3). The factors affecting F3 fraction, based on the S/N ratios rank similarly as TPH. 
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The pattern of change of S/N ratio for F3 reduction was similar to TPH for all parameters with 
some minor differences, despite the difference in the optimum conditions that gave the best 
reduction in TPH and F3 fraction. 
 
Figure 3.7 Main effects of test parameters on F3 fraction reduction in petroleum-contaminated soil 
through rhamnolipid washing treatment. 
 
Figure 3.8 and Table 3.11 presents the results for S/N ratio analysis and ANOVA 
respectively for F4 reduction following rhamnolipid washing. Optimal conditions for reduction 
of F4 fraction were: temperature of 23.5 °C (room temperature), rhamnolipid concentration of 
500 mg L-1 (level 5), washing time of 10 min (level 1), stirring speed of 200 rpm (level 3) and 
S/S ratio of 2:1(level 2). The factors affecting F4 fraction, rank differently as the highest (rank 
1) is recorded as rhamnolipid concentration, followed by temperature, washing time, stirring 
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speed and S/S ratio ranking lowest (rank 5). For F4 fraction, rhamnolipid concentration has the 
lowest p-value. 
Table 3.10 ANOVA for rhamnolipid washing experiment for reduction of F3 fraction in petroleum-
contaminated soil 
Source DF Adj SS Adj MS F-Value P-Value 
Temperature 4 131.17 32.792 3.07 0.151 
Rhamnolipid Concentration 4 31.94 7.986 0.75 0.608 
Washing Time 4 37.45 9.362 0.88 0.549 
Stirring Speed 4 21.92 5.481 0.51 0.733 
Solution to Sample Ratio 4 52.25 13.062 1.22 0.425 
Residual Error 4 42.73 10.683 
  Total 24 317.46       
 
The pattern of change of S/N ratio for F4 reduction was similar to TPH reduction for 
rhamnolipid concentration and temperature. However, as opposed to the significant change in 
S/N ratio from level 1 to level 2 (i.e., 10 °C to 20 °C) observed in TPH reduction, the change in 
S/N ratio was slight with values for S/N ratio for level 1 and level 2 recorded as 29.8438 and 
29.8342 respectively. The patterns of change of S/N ratio for F4 reduction were likewise 
similar to the F2 fraction for stirring speed. While the pattern for S/S ratio for reduction in F4 
fraction was similar to patterns observed in F3 fraction and TPH; the S/N ratio increased 
initially (i.e., to level 2), but decreased subsequently with further increase in S/S ratio (i.e., to 
level 5). The patterns of change of S/N ratio for F4 reduction were different from TPH, F2 and 
F3 reduction for washing time. With washing time, increase from 10 min to 60 min (i.e., level 
1 to level 3) showed a decrease in S/N ratio, when the washing time was increased to level 4 
(i.e., 180 min), the S/N ratio increased. The S/N ratio, however, decreased with increase in 
washing time to 360 min (i.e., level 5). 
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Figure 3.8 Main effects of test parameters on F4 fraction reduction in petroleum-contaminated soil 
through rhamnolipid washing treatment. 
 
Table 3.11 ANOVA for rhamnolipid washing experiment for reduction of F4 fraction in petroleum-
contaminated soil 
Source DF Adj SS Adj MS F-Value P-Value 
Temperature 4 253.02 63.25 0.63 0.666 
Rhamnolipid Concentration 4 257.45 64.36 0.64 0.660 
Washing Time 4 187.43 46.86 0.47 0.760 
Stirring Speed 4 123.25 30.81 0.31 0.860 
Solution to Sample Ratio 4 83.82 20.96 0.21 0.920 
Residual Error 4 400.19 
   Total 24 1305.15       
3.3.3.3 Effect of individual test parameters 
3.3.3.3.1 Effect of temperature 
The optimal temperature condition for total petroleum hydrocarbon (TPH), F2 and F4 
fraction removal was room temperature (approximately 23.5 °C) and 10 °C for F3 fraction. The 
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signal-to-noise (S/N) ratios for 10 °C and room temperature in F3 fraction reduction were 
observed to be close: 35.32 and 35.18 respectively. It was observed that increase in 
temperature from 10 °C to 20 °C led to a decrease in TPH, F2, F3, F4 fractions. Further 
increase in temperature to room temperature showed an evident increase in hydrocarbon 
reduction. For TPH, F2 and F3 fractions, a further increase in temperature from room 
temperature to 40 °C decreased the rate of hydrocarbon reduction. For F2 fraction, on the other 
hand, increase from room temperature to 30 °C reduced the petroleum hydrocarbon (PHC) 
reduction rate while a subsequent increase in temperature to 40 °C led to increased 
hydrocarbon removal. Temperature is an important factor because the process of desorption 
and dissolution which affects PHC removal are dependent on temperature (Yan et al., 2011).  
According to Paria (2008), in the presence of surfactants, solubilization of organic 
compounds is significantly affected by temperature. The author further states that for non-ionic 
and ionic surfactants, the degree of solubilization increases with temperature up to an optimum 
temperature where maximum solubilization is observed. However, the hydrophilic chain length 
affects the optimum temperature. The results observed from the present thesis reflect different 
optimum temperatures depending on the hydrocarbon fraction. 
3.3.3.3.2 Effect of rhamnolipid concentration 
Optimal rhamnolipid concentration for PHC reduction of TPH, F3 and F4 fractions was 
500 mg L-1, and 400 mg L-1 for F2 fraction. Similarly, the observed removal rate showed a 
different trend with F2 fraction than with TPH, F3 and F4 fractions. With F2 fraction, increase 
in rhamnolipid concentration from 100 mg L-1 to 400 mg L-1 increased the removal of 
hydrocarbon, further increase to 500 mg L-1 resulted in a decrease in hydrocarbon reduction. 
TPH, F3 and F4 fraction all responded identically to increase in rhamnolipid concentration. 
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The rate of hydrocarbon reduction reduced initially with an increase in rhamnolipid 
concentration to a point. After that point, further increase of rhamnolipid concentration resulted 
in increased PHC removal. This is similar to results obtained by Chaprão et al. (2015) and Lai 
et al. (2009). The authors observed that with an increase in rhamnolipid concentration, the 
solubility of crude oil increased. The efficiency of removal of PHC from soils and the 
concentration of rhamnolipid were observed to be positively correlated.  
The effect of biosurfactant concentration is important because biosurfactant acts 
differently relative to their concentration. Some biosurfactants are more effective at 
concentrations below the critical micelle concentration (CMC) while some are more effective 
at concentrations above the CMC. While removal efficiency of rhamnolipids and surfactin 
were shown by Lai et al. (2009) to increase with increase in concentrations above the CMC, at 
concentrations above CMC, lecithin and tannin could not increase crude oil solubilization 
(Chaprão et al., 2015). CMC is the biosurfactant concentration at which micelles start to form 
solubilization (Chaprão et al., 2015). The concentrations of rhamnolipid used for this 
experiment were at and above the CMC value. The overall results are similar to what is 
reported in literature, rhamnolipid was more effective at concentrations above CMC. 
3.3.3.3.3 Effect of washing time 
Optimal rhamnolipid washing time for reduction of TPH, F2, F3 and F4 fraction were 
30 min, 180 min, 30 min and 10 min respectively. Washing time for TPH and F3 fraction were 
the same, an observation that aligns with F3 fraction having the highest impact on TPH 
reduction. Washing time is an important test parameter as sufficient treatment time is required 
for effective removal of petroleum hydrocarbons (Chaprão et al., 2015). Chaprão et al. (2015) 
tested contact times of 5, 10, 20 and 1440 min. In general, increase from 5 to 1440 min resulted 
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in a decrease in oil removal performance through biosurfactant washing. This is similar to 
results presented in Figure 3.5 to Figure 3.8. The overall trend showed a reduced PHC 
reduction rate at higher treatment times. 5 – 10 min under agitation was considered sufficient 
for PHC reduction by Chaprão et al. (2015). The authors infer an interaction between 
agitation/stirring speed and contact time. P-values (probability values) for washing time and 
stirring speed presented by ANOVA results in Table 3.8 are not close. However, an interaction 
plot of washing time and stirring speed presented in Figure 3.9 shows non-parallel lines which 
reflect a level of interaction between the factors. Lai et al. (2009) also found that PHC removal 
efficiency did not vary sufficiently with changes in treatment time from 1 d to 7 d. Rather, 
similar removal efficiency was recorded between 1 d and 7 d, and in some cases, a decrease in 
TPH removal was reported at 7 d. It can be inferred from the results that rhamnolipid washing 
is time efficient; a factor that contributes positively to the potentials of combining this 
technique with other time-consuming remediation methods. 
3.3.3.3.4 Effect of stirring speed 
Optimal stirring speed for removal of TPH, F2, F3 and F4 fraction are 200, 300, 150 
and 200 rpm respectively. The highest stirring speed is recorded for F2 fraction. A review of 
the S/N ratios for F2 fraction, however, shows that S/N ratios for 100, 200 and 300 rpm are 
quite close. These are 30.68, 30.63 and 30.85, which indicates that increasing stirring speed 
from 100 to 300 does not effectively contribute to an increase in F2 fraction reduction. The 
results indicate that lower values of stirring speed tested (levels 1 to 3) are sufficient for PHC 
reduction. Lai et al. (2009) reported shaking speed of 100 and 200 rpm as increasing the TPH 
removal efficiency in the washing experiment conducted. At 0 and 5 rpm shaking speed, TPH 
removal efficacy recorded by the authors was about 5%. Lai et al. (2009) noted the need for 
82 
 
caution when testing the effect of agitation. Although the authors tested for shaking speed 
(while this experiment tested stirring speed), it was advised that the level of agitation applied 
should not be too high. This is to ensure that the level of agitation employed is just enough to 
ensure efficient contact between PHC and the biosurfactants. Vigorous agitation, on the other 
hand, could result in PHC removal mainly due to mechanical detachment. Thus, overstating the 
removal efficiency of the biosurfactants added.  Chaprão et al. (2015) tested four biosurfactant 
types and recorded varying results on the effect of agitation on PHC removal during 
biosurfactant washing. Only three of the four biosurfactants tested showed better removal rates 
with agitation. Results from the authors indicate that effect of agitation depends on the type of 
soil, the type of surfactant and the concentration of the biosurfactant.
 
Figure 3.9 Interaction of washing time and stirring speed on total petroleum hydrocarbon reduction in 
petroleum-contaminated soil 
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3.3.3.3.5 Effect of solution to sample ratio 
TPH, F2, F3 and F4 fractions all showed different optimal conditions for solution to 
sample (S/S) ratio. The optimal conditions were 4:1, 1:1, 3:1, 2:1 for TPH, F2, F3, and F4 
fractions respectively. Yan et al. (2011) and Urum et al. (2004) reported a ratio of 3:1 as the 
optimal value for S/S ratio. According to Yan et al. (2011), a ratio of 3:1 is an acceptable value 
when considering the economic and operational aspects of biosurfactant washing.  
3.3.4 Petroleum hydrocarbon reduction in drill cuttings 
3.3.4.1 Total petroleum hydrocarbon (TPH) and hydrocarbon fractions reduction in drill 
cuttings 
Figure 3.10 represents the total petroleum hydrocarbon (TPH) and hydrocarbon 
fractions (F2, F3, and F4) reductions in drill cuttings after conducting rhamnolipid washing at 
twenty-five different experimental levels. The highest reduction for TPH, F2 and F3 fractions 
was recorded at experiment L22 (Temperature = room temperature (approx. 23.5 ºC), 
rhamnolipid concentration = 200 mg L-1, washing time = 10 min, stirring speed = 300 rpm, S/S 
ratio = 4:1 (i.e., rhamnolipid solution volume = 20 mL)). The highest reduction for F4 fraction 
was recorded at experiment L24 (Temperature = room temperature (approx. 23.5 ºC), 
rhamnolipid concentration = 400 mg L-1, washing time = 60 min, stirring speed = 150 rpm, S/S 
ratio = 1:1 (i.e., rhamnolipid solution volume = 5 mL)). 
The maximum petroleum hydrocarbon (PHC) reduction rate for TPH, F2, F3 and F4 
fractions was 76.8%, 85.4%, 71.3% and 76.9% respectively. Overall, high PHC reduction was 
observed in the F4 fraction, as reduction rates for all experiments were above 61.9%. Average 
reduction rate across all experimental levels for F4 fraction was 68.3%.  Lowest PHC reduction 
rate for TPH, F2, F3 and F4 fractions was 27.8%, 50.3%, 6.9% and 61.9% respectively. For 
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TPH, F3 and F4, the lowest reduction was recorded at L18 (Temperature = 40 ºC, rhamnolipid 
concentration = 300 mg L-1, washing time = 10 min, stirring speed = 250 rpm, S/S ratio = 2:1 
(i.e., rhamnolipid solution volume = 10 mL)), while L19 resulted in the lowest reduction of F2 
(Temperature = 40 ºC, rhamnolipid concentration = 400 mg L-1, washing time = 30 min, 
stirring speed = 300 rpm, S/S ratio = 3:1 (i.e., rhamnolipid solution volume = 15 mL)). 
The reduction of petroleum hydrocarbons expressed in percentages is listed in Table 
3.12 for TPH, F2, F3 and F4 fractions. The signal-to-noise (S/N) ratios for all experimental 
levels in the orthogonal array are also listed in Table 3.12. Table 3.13 lists the initial petroleum 
hydrocarbon concentration in drill cuttings before rhamnolipid washing and the residual 
petroleum hydrocarbon concentrations after treatment for TPH, and fractions F2, F3 and F4. 
The residual concentrations of petroleum hydrocarbon in drill cuttings are as shown in 
Table 3.13. It was observed that after rhamnolipid washing, residual TPH concentration in the 
sample was below 4,348 mg kg-1, largely due to F3 fraction, as the highest residual 
concentration for this fraction is recorded as 3,120 mg kg-1 (L18). A common trend noticeable 
for the experiments conducted at room temperature is high PHC reduction rates. Average 
reduction rates at room temperature for TPH, F2, F3 and F4 fractions are 76.0%, 84.7%, 70.2% 
and 73.6% respectively in drill cuttings. This trend is verified by the ANOVA results presented 
in Table 3.14 to Table 3.17. Temperature is indicated as having a significant effect on 
rhamnolipid washing at a α-level (i.e., significance level) of 0.05 for TPH, F2 and F3 fraction. 
The p-values for temperature for TPH, F2 and F3 fraction are less than 0.05. While the p-value 
for effect of temperature in F4 fraction reduction is higher than 0.05, the p-value for this factor 
is lower than all other four factors (Table 3.17). For TPH reduction, the degree of significance 
of the factors in decreasing order, based on p-values are temperature, solution to sample ratio, 
washing time, stirring speed, and rhamnolipid concentration.
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Figure 3.10 Total petroleum hydrocarbon and hydrocarbon fractions reduction in drill cuttings through rhamnolipid washing experiments (Error bars 
indicate standard deviations) 
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Table 3.12 Petroleum hydrocarbon reduction of total petroleum hydrocarbon (TPH), F2, F3 and F4 fractions in drill cuttings after rhamnolipid 
washing
Experiment  Temperature Rhamnolipid  Washing Stirring 
Solution to 
Sample   
PHC Reduction (%) 
  
S/N Ratios No.  (°C) Concentration Time Speed  Ratio 
  
     (mg L-1)  (min)  (rpm)  (mL g-1)   TPH F2 F3 F4   TPH F2 F3 F4 
L1 10 100 10 100 1:1 
 
40.7 72.3 16.2 71.7 
 
33.57 29.68 34.57 29.42 
L2 10 200 30 150 2:1 
 
50.4 74.4 32.4 67.8 
 
35.32 33.69 35.98 30.80 
L3 10 300 60 200 3:1 
 
34.4 63.5 11.7 66.2 
 
34.61 32.18 35.25 30.23 
L4 10 400 180 250 4:1 
 
36.0 62.7 14.9 67.9 
 
34.75 32.69 35.52 29.11 
L5 10 500 360 300 5:1 
 
36.8 64.4 13.1 67.9 
 
34.41 31.36 35.26 29.65 
L6 20 100 30 200 4:1 
 
32.4 56.2 13.1 69.2 
 
34.26 28.63 35.10 32.69 
L7 20 200 60 250 5:1 
 
45.4 61.1 32.5 72.2 
 
32.19 23.71 33.53 22.20 
L8 20 300 180 300 1:1 
 
37.1 57.9 20.3 68.1 
 
34.24 33.12 34.35 32.66 
L9 20 400 360 100 2:1 
 
36.6 61.1 17.4 65.9 
 
33.79 30.18 34.91 29.39 
L10 20 500 10 150 3:1 
 
31.6 58.5 10.3 65.0 
 
33.44 26.80 34.70 32.24 
L11 30 100 60 300 2:1 
 
48.6 64.1 36.0 71.4 
 
32.84 26.18 33.95 28.16 
L12 30 200 180 100 3:1 
 
31.4 55.6 12.1 64.2 
 
34.49 29.03 34.99 28.36 
L13 30 300 360 150 4:1 
 
34.0 57.3 15.3 65.3 
 
33.21 26.67 34.31 22.53 
L14 30 400 10 200 5:1 
 
29.6 52.0 11.1 67.2 
 
33.90 30.94 34.70 31.33 
L15 30 500 30 250 1:1 
 
61.1 77.1 49.5 65.9 
 
34.68 31.95 35.63 26.90 
L16 40 100 180 150 5:1 
 
34.7 61.1 14.0 63.3 
 
33.37 31.48 34.12 22.29 
L17 40 200 360 200 1:1 
 
35.6 64.1 13.8 62.5 
 
33.08 29.21 33.92 23.68 
L18 40 300 10 250 2:1 
 
27.8 54.2 6.9 61.9 
 
33.58 29.53 34.14 29.52 
L19 40 400 30 300 3:1 
 
33.9 50.3 19.9 67.9 
 
33.72 30.24 33.93 25.36 
L20 40 500 60 100 4:1 
 
26.8 51.5 13.2 66.9 
 
34.12 32.17 34.23 31.82 
L21 room 100 360 250 3:1 
 
74.7 83.8 68.7 69.5 
 
35.21 32.18 35.65 33.93 
L22 room 200 10 300 4:1 
 
76.8 85.4 71.3 70.2 
 
34.63 33.32 34.95 30.95 
L23 room 300 30 100 4:1 
 
76.4 84.7 70.6 76.2 
 
33.82 32.33 34.20 30.14 
L24 room 400 60 150 1:1 
 
75.8 84.7 69.6 76.9 
 
34.94 32.92 35.64 30.89 
L25 room 500 180 200 2:1   76.5 84.9 70.8 75.2   34.96 32.18 35.48 34.75 
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Table 3.13 Initial petroleum hydrocarbon concentration and residual petroleum hydrocarbon 
concentration in drill cuttings after rhamnolipid washing 
Initial petroleum hydrocarbon concentration in drill cuttings (mg kg-1) 
 
TPH SD for TPH F2 SD for F2 F3 SD for F3 F4 SD for F4 
 5939 1089 2334 659 3350 312 255 75 
 
Residual petroleum hydrocarbon in drill cuttings after rhamnolipid washing (mg kg-1) 
  TPH SD for TPH F2 SD for F2 F3 SD for F3 F4 SD for F4 
L1 3525 129 646 90 2806 125 72 7 
L2 2944 1436 598 208 2264 1242 82 9 
L3 3896 259 851 185 2959 377 86 7 
L4 3804 55 870 166 2852 202 82 8 
L5 3755 374 830 146 2911 168 82 16 
L6 4013 100 1021 261 2913 175 79 5 
L7 3242 1683 909 406 2262 1261 71 17 
L8 3734 471 982 432 2670 214 81 4 
L9 3763 169 907 311 2769 152 87 7 
L10 4061 410 968 219 3004 330 89 4 
L11 3055 1620 837 601 2145 1000 73 20 
L12 4072 155 1036 247 2945 238 91 5 
L13 3923 410 997 145 2837 352 88 7 
L14 4182 263 1121 39 2978 286 84 17 
L15 2313 1723 535 334 1691 1397 87 36 
L16 3881 497 907 196 2880 428 94 29 
L17 3822 292 838 123 2889 419 96 24 
L18 4287 329 1069 106 3120 390 97 22 
L19 3924 132 1159 174 2683 204 82 14 
L20 4348 421 1133 160 2907 394 84 3 
L21 1504 135 378 170 1049 272 78 31 
L22 1378 65 342 180 960 234 76 32 
L23 1403 44 357 209 985 248 61 21 
L24 1437 80 358 210 1020 238 59 27 
L25 1396 210 354 195 979 185 63 28 
SD = Standard deviation
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Figure 3.11 Residual concentration of petroleum hydrocarbon in drill cuttings after rhamnolipid washing experiments (Error bars indicate standard 
deviations, IPH = Initial petroleum hydrocarbon) 
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As shown by these results, this experiment indicates that rhamnolipid washing is an 
effective and time-efficient process for reducing the petroleum hydrocarbon content of drill 
cuttings. Range of residual concentrations in the samples are F2 = 342 – 1,159 mg kg-1, F3 = 
960 – 3,120 mg kg-1 and F4 = 59 – 97 mg kg-1. The CGS standards are used for comparison as 
over 71% of drill cuttings has grain size greater than 250 µm. Canada-wide standards for 
petroleum hydrocarbons (PHC CWS) follows American Society for Testing and Materials 
(ASTM) soil classification which classifies soil with a median grain size of >75 µm as coarse-
grained soil (CCME, 2008b). Results of sieve analysis are presented in Table 3.4. When 
compared to Table 3.2, residual concentrations for F2 and F3 fractions exceeded the standards 
for all four land use categories, while F4 fractions are below the regulatory standards for all 
land use categories. This again indicates the need for further remediation methods to reduce the 
PHC of F2 and F3 fractions to levels below the CWS when CCME standards are applied. The 
minimum residual concentrations in both F2 and F3 fractions are below BC CSR standards 
(Table 3.3) for light extractable petroleum hydrocarbons in soil (LEPHs) and heavy extractable 
petroleum hydrocarbons in soil (HEPHs) respectively for all land use categories with the 
exception of ‘wildlands natural’. In this scenario, no further treatment is required for drill 
cuttings as the residual concentrations are acceptable by British Columbia Ministry of 
Environment and Climate Change Strategy (BC ENV). 
3.3.4.2 Optimal rhamnolipid washing conditions in drill cuttings 
The main effect of individual test parameters on TPH reduction using S/N ratios is 
presented in Figure 3.12 - using the ‘larger is better’ scenario. The optimal rhamnolipid 
washing conditions were: temperature of 23.5 °C (room temperature), rhamnolipid 
concentration of 500 mg L-1 (level 5), washing time of 30 min (level 2), stirring speed of 100 
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rpm (level 1) and S/S ratio of 1:1 (level 1). Using S/N ratios in TPH reduction, the factors are 
ranked from 1 (highest) to 5 (lowest) as temperature, washing time, S/S ratio, rhamnolipid 
concentration, and stirring speed. Based on ANOVA results presented in Table 3.14, 
temperature shows a significant effect on rhamnolipid washing.  Using the p-values, the degree 
of significance of all factors on TPH reduction in decreasing order are temperature, S/S ratio, 
washing time, stirring speed and rhamnolipid concentration. 
The S/N ratio decreased with increase in temperature from 10 °C to 20 °C (i.e., level 1 
to level 2). However, a great change occurred with an increase in the S/N ratio when 
temperature was increased from 20 °C to room temperature. The subsequent increase in 
temperature to 30 °C and then to 40 °C led to a decrease in S/N ratio. The responses of S/N 
ratio to changes in the different levels for rhamnolipid concentration, washing time, stirring 
speed and S/S ratio were close to the mean. A slight increase in S/N ratio is observed with the 
increase of rhamnolipid concentration from 100 mg L-1 to 200 mg L-1 (i.e., level 1 to level 2). 
S/N ratio decreased with increase in rhamnolipid concentration to 300 mg L-1 (i.e., level 3). 
The subsequent increase in the concentration from 300 mg L-1 (i.e., level 3) to 400 mg L-1 (i.e., 
level 4) and finally to 500 mg L-1 (i.e., level 5) showed an increase in S/N ratio. 
S/N ratio increased with increase in washing time from 10 min to 30 min (i.e., level 1 to 
level 2). Increasing the washing time to 60 min and 180 min (i.e., level 3 and level 4 
respectively) showed a decrease in S/N ratio. However, a slight increase in S/N ratio was 
observed when the washing time was changed to level 5 (i.e., 360 min). Increasing the stirring 
speed and S/S ratio from level 1 to level 3 led to a decrease in S/N ratio. When the stirring 
speed was increased to level 4 (i.e., 250 rpm) and subsequently level 5 (i.e., 300 rpm), the S/N 
ratio increased. With S/S ratio, increase to level 3 from level 1 (i.e., from 1:1 to 3:1) showed a 
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decrease in S/N ratio, when the S/S ratio was increased to level 4 (i.e., 4:1), the S/N ratio 
increased. The S/N ratio, however, decreased with increase in S/S ratio to 5:1 (i.e., level 5). 
 
Figure 3.12 Main effects of test parameters on total petroleum hydrocarbon reduction in drill cuttings 
through rhamnolipid washing treatment. 
 
Yan et al. (2011) conducted rhamnolipid biosurfactant washing of drill cuttings. The 
authors found the optimal washing conditions to be temperature of 60 °C, rhamnolipid 
concentration of 360 mg L-1, washing time of 20 min, stirring speed of 200 rpm and 
liquid/solid ratio of 3:1. Optimal results from this research are comparable and show a good fit 
to applications as lower stirring speed and S/S ratio will ultimately reduce application costs. 
Although optimal rhamnolipid concentration in the present thesis is 500 mg L-1, highest TPH 
reduction was recorded at concentration of 200 mg L-1. 
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Table 3.14 ANOVA of rhamnolipid washing experiment for reduction of total petroleum hydrocarbon 
in drill cuttings 
Source DF Adj SS Adj MS F-Value P-Value 
Temperature 4 6167.6 1541.91 37.76 0.002 
Rhamnolipid Concentration 4 157.6 39.40 0.96 0.513 
Washing Time 4 285.7 71.43 1.75 0.301 
Stirring Speed 4 164.0 41.01 1.00 0.498 
Solution to Sample Ratio 4 291.6 72.91 1.79 0.294 
Residual Error 4 163.4 40.84 
  Total 24 7230.0       
 
The main effects plots of S/N ratio of F2 fraction reduction after rhamnolipid washing 
are shown in Figure 3.13. The optimal conditions for rhamnolipid washing are room 
temperature, rhamnolipid concentration of 200 mg L-1 (i.e., level 2) at a solution to sample 
ratio of 1:1 (level 1). Optimal washing time and stirring speed are recorded as 30 min (i.e., 
level 2) and 150 rpm (i.e., level 2) respectively. Using S/N ratios in F2 reduction, the factors 
are ranked from 1 (highest) to 5 (lowest) as temperature, S/S ratio, washing time, rhamnolipid 
concentration and stirring speed. Based on ANOVA results presented in Table 3.10, at a 
significance level of 0.05, only temperature shows a significant effect on rhamnolipid washing 
for F2 fraction reduction. 
93 
 
 
Figure 3.13 Main effects of test parameters on F2 fraction reduction in drill cuttings through 
rhamnolipid washing treatment. 
 
The S/N ratio patterns for temperature, washing time and rhamnolipid amount were 
similar for F2 reduction (Figure 3.13) and TPH reduction (Figure 3.12). Stirring speed showed 
a different pattern for F2 reduction. It was observed that increasing the stirring speed from 100 
rpm to 150 rpm (i.e., level 1 to level 2), led to an increase in S/N ratio. S/N ratio decreased 
when stirring speed was increased to 200 rpm (i.e., level 3), but S/N ratio increased again when 
stirring speed was increased to 250 rpm (i.e., level 4) with a subsequent decrease in S/N ratio 
when stirring speed was increased to 300 rpm (i.e., level 5).  The increase of S/S ratio from 1:1 
to 4:1 (i.e., level 1 to level 2) led to decrease in S/N ratio. However, S/N ratio increased when 
the S/S ratio increased to level 5 (i.e., 5:1).  
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Table 3.15 ANOVA of rhamnolipid washing experiment for reduction of F2 fraction in drill cuttings 
Source DF Adj SS Adj MS F-Value P-Value 
Temperature 4 2667.01 666.75 17.28 0.009 
Rhamnolipid Concentration 4 134.78 33.70 0.87 0.551 
Washing Time 4 67.76 16.94 0.44 0.778 
Stirring Speed 4 62.40 15.60 0.40 0.799 
Solution to Sample Ratio 4 308.29 77.07 2.00 0.260 
Residual Error 4 154.38 38.59 
  Total 24 3394.63       
 
Figure 3.14 and Table 3.16 presents the results for S/N ratio analysis and ANOVA 
respectively for F3 reduction of drill cuttings following rhamnolipid washing. Optimal 
conditions for reduction of F3 fraction were: room temperature (i.e., level 3), rhamnolipid 
concentration of 200 mg L-1 (i.e., level 2), washing time of 30 min (i.e., level 2), stirring speed 
of 300 rpm (i.e., level 5) and S/S ratio of 1:1(i.e., level 1). The factors affecting F3 fraction, 
based on the S/N ratios rank are temperature, washing time, stirring speed, S/S ratio, 
rhamnolipid concentration. 
The pattern of S/N ratio change in F3 reduction was similar to TPH for temperature and 
rhamnolipid concentration except for the change in temperature from level 1 to level 2 for F3 
fraction reduction in which the S/N ratio increased with an increase to 20 °C from 10 °C. The 
pattern of S/N ratio change for stirring speed in F3 reduction was observed to be similar to the 
pattern in F2 reduction. With washing time, S/N ratio increased when the washing time was 
increased from 10 min to 30 min (i.e., level 1 to level 2). The subsequent increase in washing 
time from level 2 to level 5 (i.e., 30 min to 360 min) led to a decrease in S/N ratio. It was 
observed that for stirring speed parameter, increase in stirring speed from 100 rpm to 150 rpm 
(i.e., level 1 to level 2) led to an increase in S/N ratio. When stirring speed was increased to 
200 rpm (i.e., level 3), the S/N ratio decreased. However, a subsequent increase in stirring 
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speed from level 3 to level 5 (i.e., 200 rpm to 300 rpm) showed an increase in S/N ratio.
 
Figure 3.14 Main effects of test parameters on F3 fraction reduction in drill cuttings through 
rhamnolipid washing treatment. 
 
Table 3.16 ANOVA of rhamnolipid washing experiment for reduction of F3 fraction in drill cuttings 
Source DF Adj SS Adj MS F-Value P-Value 
Temperature 4 11052.4 2763.10 40.14 0.002 
Rhamnolipid Concentration 4 184.8 46.20 0.67 0.646 
Washing Time 4 626.7 156.67 2.28 0.223 
Stirring Speed 4 396.0 99.00 1.44 0.367 
Solution to Sample Ratio 4 375.2 93.80 1.36 0.386 
Residual Error 4 275.3 68.83 
  Total 24 12910.4       
 
Figure 3.15 and Table 3.17 presents the results for S/N ratio analysis and ANOVA 
respectively for F4 reduction following rhamnolipid washing of drill cuttings. Optimal 
conditions for reduction of F4 fraction were: temperature of 23.5 °C (room temperature), 
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rhamnolipid concentration of 400 mg L-1 (i.e., level 4), washing time of 60 min (i.e., level 3), 
stirring speed of 300 rpm (i.e., level 5) and S/S ratio of 5:1(i.e., level 5). The rankings for S/N 
ratio for F4 fraction from highest to lowest are temperature, washing time, rhamnolipid 
concentration, stirring speed and S/S ratio.  
The pattern of S/N ratio for reduction of F4 fraction was observed to similar to the 
pattern of S/N ratio for the reduction of F3 fraction for washing time and S/S ratio. The pattern 
for F4 fraction reduction was also similar to TPH for temperature. However, the patterns 
observed for two parameters- rhamnolipid concentration and stirring speed were different from 
the patterns that had been observed in TPH, F2 and F3 fraction reduction. S/N ratio decreased 
when rhamnolipid concentration was increased from 100 mg L-1 to 200 mg L-1 (i.e., level 1 to 
level 2). Increase in rhamnolipid concentration from 200 mg L-1 to 400 mg L-1 (i.e., level 2 to 
level 4) led to an increase in S/N ratio. However, S/N ratio decreased when rhamnolipid 
concentration was increased to level 5 (i.e., 500 mg L-1). It was observed that for stirring speed 
parameter, increase in stirring speed from 100 rpm to 150 rpm (i.e., level 1 to level 2) led to a 
decrease in S/N ratio. When stirring speed was increased to 200 rpm (i.e., level 3), the S/N 
ratio increased slightly. The S/N ratio decreased when stirring speed was increased to level 4 
(i.e., 250 rpm). However, the subsequent increase in stirring speed from level 4 to level 5 (i.e., 
250 rpm to 300 rpm) showed an increase in S/N ratio. 
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Figure 3.15 Main effects of test parameters on F4 fraction reduction in drill cuttings through 
rhamnolipid washing treatment. 
 
Table 3.17 ANOVA of rhamnolipid washing experiment for reduction of F4 fraction in drill cuttings 
 
Source DF Adj SS Adj MS F-Value P-Value 
Temperature 4 249.838 62.459 5.16 0.071 
Rhamnolipid Concentration 4 16.040 4.010 0.33 0.845 
Washing Time 4 50.527 12.632 1.04 0.484 
Stirring Speed 4 8.104 2.026 0.17 0.944 
Solution to Sample Ratio 4 27.809 6.952 0.57 0.698 
Residual Error 4 48.459 12.115 
  Total 24 400.777       
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Based on ANOVA results presented in Table 3.17, at a significance level of 0.05, no 
individual factor showed a significant effect on rhamnolipid washing for F4 fraction. 
Temperature, however, had the lowest p-value. The interaction plots in Figure 3.16 and Figure 
3.17 shows the interaction between temperature and the other four washing parameters- 
rhamnolipid concentration, washing time, stirring speed and S/S ratio on TPH reduction during 
rhamnolipid washing of drill cuttings. The four interaction plots are similar, with all parameters 
responding distinctly to the room temperature. At room temperature, all the test parameters at 
all levels display high S/N ratio. At all parameter levels, the lines show a distinct pattern which 
indicates that response of the parameters changes as temperature changes. This is an indication 
that the factors interact. 
Yan et al. (2011) observed 85.2% reduction of TPH in drill cuttings from 85,000 mg 
kg-1 to 12,600 mg kg-1. Rhamnolipid soil washing of drill cuttings in the present thesis yielded 
maximum TPH removal of 76.8%. The results are comparable because according to Iturbe et 
al. (2004), the rate of removal of PHC in soils is affected by the initial TPH concentrations in 
the soil. The higher the initial TPH, the higher the removal rates and the removal efficiency of 
surfactants. Results for severely contaminated samples in Lai et al. (2009) also showed higher 
removal efficiency than slightly contaminated soils despite the fact that similar treatment 
conditions were used. Biosurfactant-enhanced washing has huge potentials as an 
environmentally friendly option of removing bulk contaminants from soils (Wang and 
Mulligan, 2009). 
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Figure 3.16 Interaction of factors on total petroleum hydrocarbon reduction in drill cuttings through rhamnolipid 
washing: (a) interaction of temperature and rhamnolipid concentration; (b) interaction of temperature and washing 
time 
         (a) 
         (b) 
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Figure 3.17 Interaction of factors on total petroleum hydrocarbon reduction in drill cuttings through 
rhamnolipid washing: (c) interaction of temperature and stirring speed; (d) interaction of temperature 
and solution to sample (S/S) ratio 
         (d) 
         (c) 
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3.4 Conclusion  
In this study, rhamnolipid-enhanced soil washing of two different soil types was 
evaluated. Taguchi experimental design was employed to study the effect of temperature, 
rhamnolipid concentration, washing time, stirring speed and solution to sample ratio as 
potentially vital parameters for rhamnolipid-enhanced soil washing. The following conclusions 
were drawn: 
 The maximum total petroleum hydrocarbon (TPH) reduction was 58.5% for petroleum-
contaminated soil (PCS). The highest TPH reduction was observed at a temperature of 10 
ºC, rhamnolipid concentration of 200 mg L-1, washing time of 30 min, stirring speed of 150 
rpm and S/S ratio of 2:1. The maximum reduction in TPH, F2 and F3 was observed with 
the same experimental conditions. 
 The maximum TPH reduction was 76.8% for drill cuttings. The highest TPH reduction rate 
was observed at room temperature (approx. 23.5 ºC), rhamnolipid concentration of 200 mg 
L-1, washing time of 10 min, stirring speed of 300 rpm and S/S ratio of 4:1. As with PCS, 
the maximum reduction in TPH, F2 and F3 was observed with the same experimental 
conditions. 
 Optimal rhamnolipid washing conditions for TPH reduction in petroleum-contaminated soil 
were: temperature of 23.5 °C (room temperature), rhamnolipid concentration of 500 mg L-
1, washing time of 30 min, stirring speed of 200 rpm and S/S ratio of 4:1. 
 Optimal rhamnolipid washing conditions for drill cuttings were observed as temperature of 
23.5 °C (room temperature), rhamnolipid concentration of 500 mg L-1, washing time of 30 
min, stirring speed of 100 rpm and S/S ratio of 1:1.  
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 This study confirms the effectiveness of rhamnolipid biosurfactant in solubilization of 
petroleum hydrocarbon (PHC) contaminants. The effectiveness of rhamnolipid in removing 
aliphatic hydrocarbons from crude oil-contaminated soils has likewise been reported by 
Urum et al., (2006). Solubilization is also identified as the mechanism of action of 
rhamnolipid in the soil washing study conducted in the present thesis. 
 Solubilization of PHC contaminants is enhanced with increase in rhamnolipid 
concentration during soil washing. The optimum rhamnolipid concentration for both 
petroleum-contaminated soil and drill cuttings for TPH reduction was 500 mg L-1 which is 
the highest level tested for rhamnolipid concentration in this study. According to Lai et al. 
(2009), irrespective of the type of soil, TPH removal is enhanced by increasing 
concentration of rhamnolipid. 
 The optimum washing time for TPH reduction in both petroleum-contaminated soil and 
drill cuttings was observed as 30 min. This indicates that washing time does not have to be 
extensively long. This makes biosurfactant washing an efficient first step that can be 
applied singly to reduce PHC concentrations in contaminated soil/media; or in addition to a 
time-consuming secondary remedial process such as bioremediation. 
 The hydrocarbon fractions, F2, F3 and F4 recorded different extents of removal. Even 
though the experimental conditions that resulted in the maximum reduction for TPH, F2 
and F3 fractions were similar in each sample type, the optimal conditions based on the 
main effect plot were varied. This observation is important because the regulatory 
standards used as the comparison for this study (i.e., PHC CWS) expressed permitted 
hydrocarbon levels in F2, F3 and F4 fractions, not as TPH. According to Scheibenbogen et 
al. (1994), the degree of removal of hydrocarbon by soil washing is dependent on the 
surfactant concentration used and the type of hydrocarbon removed. 
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 Residual concentrations in petroleum-contaminated soil for F2 fractions exceeded PHC 
CWS standards for all four land use categories, while F3 fractions exceeded standards for 
agricultural and residential/parkland land use. F4 fractions, on the other hand, were all 
below the regulatory standards.  
 Residual concentrations in drill cuttings for F2 and F3 fractions exceeded the standards for 
all four land use categories, while F4 fractions were all below the regulatory standards for 
all land use categories 
 The residual concentrations in both samples indicated the need for further remediation 
methods to reduce F2 and F3 fractions in both samples to levels below the CWS for all land 
use categories. 
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CHAPTER 4: Bioremediation of drill cuttings and petroleum-
contaminated soil using combined treatment of soil washing, 
biostimulation, and bioaugmentation 
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4.1 Introduction 
Combined treatments for a bioremediation approach have been studied with the aim of 
understanding the mechanisms of action and finding applications that can improve the rate of 
degradation of hydrocarbons in contaminated media. Research is also pointing to the need for a 
combination of procedures at particular contaminated sites to achieve optimum remediation 
required to reduce contamination to levels that are acceptable and safe (García Frutos et al., 
2012). Rahman et al. (2003) suggested bioaugmentation with a pre-treatment of hydrocarbon-
contaminated-soils with biosurfactant. Iturbe et al. (2004) applied on-site soil washing 
followed by biopiles to treat diesel and gasoline-contaminated soil. Soil washing treatment 
followed by an electrochemical advanced oxidation process was used for diesel-contaminated 
soil by Huguenot et al. (2015). Kulik et al. (2006) used a combined pre-oxidation and 
bioremediation treatment for remediation of PAH. Silva-Castro et al. (2013) used Fenton 
treatment coupled with the application of inorganic NPK fertilizer. Cassidy et al. (2015) 
remediated PAH and BTEX (benzene, toluene, ethylbenzene, and xylenes) by combining 
chemical oxidation, stabilization and anaerobic bioremediation.  
The consensus is that when appropriately combined, these treatment technologies have 
the potential of reducing contaminant mass in soils and enhancing bioremediation rates when 
compared to stand-alone remediation technologies. In the selection of individual technologies 
to be used in a combined treatment process, factors that should be considered include the 
physical attributes of the media or site characteristics, type, nature and distribution of the 
contaminants, time constraints, cost, and the remediation objectives or the regulatory standards 
(Cassidy et al., 2015; García Frutos et al., 2012; Khan et al., 2004).  
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The capability of biosurfactants to improve the rate of biodegradation as a combined 
treatment approach has been reported by various authors. Szulc et al. (2014) tested 
bioaugmentation and addition of rhamnolipid as a combined treatment method for diesel-
contaminated soil. The results indicated that while bioaugmentation remarkably increased the 
rate of biodegradation, the addition of rhamnolipid biosurfactants did not have any notable 
effect on biodegradation efficiency in the long term, although initial stimulation by 
biosurfactant was plausible. Biodegradation rates for augmented field tests with and without 
rhamnolipid were 88% and 89% respectively. 
Rahman et al. (2003) investigated bioremediation of oil sludge-contaminated soils by 
addition of bacterial consortium and biostimulation- addition of nitrogen, phosphorus, 
potassium, and rhamnolipid biosurfactant. Their results indicated that bioremediation was 
significantly positively affected by the additives. Biodegradation of the various fractions 
ranged between 57% for long-chain hydrocarbons (C32-C40) and 100% for the volatile 
hydrocarbons (C8-C11). 
Zhang et al. (2011-2012) reported detailed investigation that employed a pilot-scale 
demonstration of biosurfactant enhanced in-situ bioremediation technology in a petroleum 
hydrocarbon and heavy metal contaminated site in the Goose Bay area of Newfoundland and 
Labrador, Canada. The study involved the application of laboratory-developed biosurfactant as 
a washing agent and as an additive to enhance microbial activities.  Benzene removal rate of 
79.9% was observed with a pump and treat method alone. However, with the injection of 
biosurfactant solution to improve biodegradation, a higher removal rate of 94.7% was 
observed. 
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Microorganisms used in bioremediation are available either as microorganisms 
indigenous to the contaminated areas or through inoculation (the application of non-native 
microorganisms) (Ghoreishi et al., 2017). Hydrocarbon-degrading microorganisms utilize 
hydrocarbons as their source of carbon and energy (Ron and Rosenberg, 2002; Meyer et al., 
2014). The primary mechanism for removal of hydrocarbon contaminants from the 
environment is through the biodegradation activity of the native microorganism population 
(Desai and Banat, 1997).  Biodegradation or bioremediation approaches have two main 
components: bioaugmentation- addition of exogenous microorganisms, and biostimulation- 
nutrient or biosurfactant addition (Liu et al., 2011; Shah, 2014). Bioaugmentation introduces 
fast hydrocarbon-degrading microorganisms into the polluted site to increase the efficiency of 
biodegradation (Szulc et al., 2014; Meyer et al., 2014). Such microorganisms are expected to 
have the capacity to degrade the contaminants in the target site particularly in cases where the 
natural microbial consortium is unable to degrade the contaminants efficiently (Fernández-
Lugueno et al., 2011).  Biostimulation involves the addition of nutrient, surfactants, water, and 
oxygen to initiate microbial growth to achieve faster rates of biodegradation (Lahel et al., 
2016; Fernández-Lugueno et al., 2011). Biodegradation of hydrocarbons by a consortium of 
microorganisms may be enhanced by biosurfactants produced by a different consortium of 
microorganisms (Liu et al., 2015). The use of biosurfactant-producing microorganisms in the 
biodegradation of hydrocarbons and biopreparation of polluted sites is an effective 
microbiological method, particularly when the characterization of the chemical structure of the 
biosurfactants is not a necessity (Pacwa-Plociniczak et al., 2011). Generally, environmental 
and nutritional conditions of soils (soil fertility) are managed and adjusted to conditions 
conducive for microbial growth, thus enhancing the rate of degradation of contaminants (Smith 
et al., 2015). Biostimulation by addition of biosurfactant is reported to lead to higher 
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biodegradation rates by the microbial population than with the addition of nutrients alone 
(Desai and Banat, 1997). 
The process of bioremediation involves the application of fertilizers as sources of 
nitrogen and phosphorus, pH and water content adjustment, and when needed, aeration and 
addition of bacteria. To stimulate the bioremediation process, biosurfactants can be applied as 
additives (Ron and Rosenberg, 2002; Shah, 2014). These factors affect the rate and success of 
biodegradation as they impact cell growth and microbial activity (Shah, 2014). An added 
advantage of bioremediation is that it has been identified as a cost-effective hydrocarbon 
remediation technique in cold regions (Akbari and Ghoshal, 2014; Sanscartier et al., 2009). 
With appropriate aeration, moisture content modification and nutrient amendment, cold-
adapted indigenous hydrocarbon-degrading microorganisms can be biostimulated (Akbari and 
Ghoshal, 2014). 
In developing effective bioremediation strategies, the effectiveness of the method on 
soils polluted by PHC is dependent on both the biotic and abiotic elements due to the effects 
these elements have on growth and activity of the microorganisms capable of degrading the 
petroleum hydrocarbons (Ebadi et al., 2017). Factors affecting microorganism growth and 
consequently the quantity and quality of biosurfactant production are broadly classified into 
environmental and nutritional factors. Environmental factors include temperature and oxygen 
availability while nutritional factors include the type of carbon and nitrogen sources and the 
ratio of available carbon to nitrogen (Desai and Banat, 1997; Varjani and Upasani, 2017). 
By combining biosurfactant washing and bioremediation, two mechanisms of 
contaminant removal are implemented. Biosurfactant washing results in solubilization 
(desorption) of the organic contaminants while bioremediation results in the complete 
109 
 
mineralization of the contaminants (Mulligan, 2005). Comparing the effectiveness of 
biosurfactant in solubilization and biodegradation is based on the research of Vipulanandan 
and Ren (2000) which compared the solubilization and biodegradation of naphthalene using a 
biosurfactant (10 g L-1) and a synthetic surfactant- Triton X-100 (10 g L-1). The biosurfactant 
enhanced the solubility of the naphthalene by as much as a factor of 30. However, while 
biodegradation of naphthalene was completed within 100 h with the use of Triton X-100, 
biosurfactant took 40 d for the same concentration of naphthalene.  
Optimum moisture content is a function of soil type and soil texture. Hence, different 
moisture levels are recorded in the literature as the optimum water content for biodegradation. 
Optimum/sufficient moisture content reported in the literature include: 10% (Haghollahi et al., 
2016), 18–20% (Yan et al., 2011), 18% (Khan et al., 2004), 17% (Brook et al., 2001), 21.9% 
(Mariano et al., 2007), 10‒15% for flasks tests and 12–15% for field tests (Gogoi et al., 2003) 
and 20% (Qiao et al., 2014; Lehtomäki and Niemeä,1975). Hence, moisture content for the 
biodegradation experiment in the present thesis was maintained between 16‒20%. Research 
experiments that monitored various levels of moisture content as a bioremediation factor have 
presented various results. According to Haghollahi et al. (2016), moisture levels tested (10% 
and 20%) did not show any statistically significant effect on the efficiency of bioremediation. 
Horel and Schiewer (2009) investigated the effect of four moisture content levels: 2%, 4%, 8% 
and 12%. The results indicated that moisture content was a minor factor influencing respiration 
rates and consequently biodegradation rates. Akbari and Ghoshal (2014), on the other hand, 
reported that appropriate moisture content adjustment enhances microbial activity by 
increasing bioavailability of nutrients and microbial motility. 
Maintaining optimum moisture content is necessitated by the effect of moisture content 
on biodegradation and consequently PHC reduction. Optimum moisture content is required for 
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microorganism growth and activity. At low levels of moisture, microorganisms become 
inactive, and at high moisture levels, air in the pore spaces is displaced by water, creating an 
anaerobic environment (Agnew and Leonard, 2003). Excess moisture may lead to the 
production of unwanted leachate (Haghollahi et al., 2016). These possible scenarios highlights 
the need to ensure appropriate balance of moisture content and also exercise caution in the 
utilization of biosurfactants in in situ applications, thus, guarding against secondary 
contamination due to groundwater contamination (Rahman et al., 2003). 
Different optimum temperature recorded in the literature are 25‒30 °C (Yan et al., 
2011), 25 °C (Brook et al., 2001; Qiao et al., 2014), 25‒40 °C (Khan et al., 2004), 27 °C 
(Mariano et al., 2007) and 30 °C (García Frutos et al., 2012).  The ratio of carbon, nitrogen, 
and phosphorus is also considered as an important factor in bioremediation. For a balanced 
nutrient medium, Prescott et al. (2002) stipulate a C:N:P ratio of 100:10:1 for microorganisms’ 
growth. Microbial biomass nutrient composition analysis for C:N:P in planktons was indicated 
as an average of 106:16:1 by Redfield et al. (1963).  
Furthermore, the knowledge of hydrocarbon solubilization mechanisms of 
biosurfactants is important in predicting remediation procedures for contaminants (Mulligan, 
2009). Limited bioavailability of contaminants in the soil restricts the ability of 
microorganisms to access these contaminants, thus reducing biodegradation rate. This is a 
major constraint for biodegradation process. Biosurfactants produced by microorganisms’ 
functions in desorbing contaminants from the soil, making contaminants available to 
microorganisms for degradation, thus enhancing microbial growth (Pacwa-Plociniczak et al., 
2011).  
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Wang and Mulligan (2009) encouraged the need for research in evaluating how 
biosurfactants can be used in combination with other remediation technologies, particularly in 
field applications. While biosurfactant washing does not in itself impact bacterial cell 
properties of microorganism used in biodegradation, the process of soil washing enhances the 
bioavailability of the hydrocarbon contaminants for bioremediation (Pacwa-Plociniczak et al., 
2011). Surfactant-based remediation approaches are identified as one of the most innovative 
treatment methods and having a deeper understanding of the mechanisms relating to the 
process is essential (Paria, 2008). 
This chapter presents a study of the effect of bioremediation parameters in reducing 
PHC in petroleum-contaminated soil and drill cuttings spiked with crude oil to increase 
contamination levels beyond field contamination base levels.  
4.1.1 Rationale for biodegradation treatment parameters 
4.1.1.1 Bioremediation treatment method 
The parameter “bioremediation treatment method” was specifically designed to 
compare two treatment methods that can be used for combining biosurfactant treatment with 
biodegradation treatment. Biosurfactant treatments examined are rhamnolipid washing and 
rhamnolipid addition to biodegradation setups. Yan et al. (2011) demonstrated bioremediation 
using biosurfactant washing followed by biodegradation treatment. Urum and Pekdemir (2004) 
evaluated soil washing alone using various biosurfactants. Thavasi et al. (2011) highlights the 
addition of biosurfactant in biodegradation treatment of contaminated soils. However, no 
literature was found which examined these treatment methods jointly and compared the 
efficacy despite its importance in designing applicable treatment methods. 
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Two levels were tested for the parameter ‘bioremediation treatment method’. These are 
described as integrated approach and two-step approach in the present thesis.  The integrated 
approach involves the addition of rhamnolipid directly to the biodegradation set-up; no 
washing is involved. Two-step approach involves rhamnolipid washing of the contaminated 
samples and subsequent rinsing with water with the hydrocarbon solution decanted. This is 
followed by biodegradation treatment which may or may not involve a further addition of 
rhamnolipid to the biodegradation set-up. The integrated approach is aimed at limiting 
disturbances to the soil’s biological community, soil structure and eliminating the 
accumulation of soil washing solutions (Trellu et al., 2016). 
Optimal conditions of temperature, rhamnolipid concentration, stirring speed, washing 
time, and solution to sample ratio recorded for hydrocarbon reduction in drill cuttings and 
petroleum-contaminated soil from rhamnolipid washing experiments (Chapter 3 of the present 
thesis) were used in designing the experiments to evaluate rhamnolipid washing step in the 
two-step approach for bioremediation treatment. 
4.1.1.2 Rhamnolipid amount 
Rhamnolipid concentration relative to moisture content was used to compute the 
different levels of rhamnolipid amount tested. Rhamnolipid amount as defined in the preceding 
sentence was used as a biodegradation parameter rather than rhamnolipid concentration which 
does not take into account the moisture level known to be evaluated in the literature (Yan et al. 
2011; Urum and Pekdemir, 2004; Chaprão et al., 2015). Concentration relative to moisture 
content is described by Zhou et al. (2013) as the effective concentration. Examining 
rhamnolipid amount in this present thesis is supported by an observation made by Walworth et 
al. (1997) with regards to nutrient concentration. Walworth et al. (1997) suggested that the 
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concentrations of nutrients in soil should be as a function of soil moisture as opposed to the dry 
weight of the soil. The rationale is that with this reporting style, comparisons of the effect of 
nutrient addition in different studies, across different environments can be made.  
Urum and Pekdemir (2004) investigated the possible loss of surfactants in soil samples 
due to sorption. All biosurfactants tested (rhamnolipid, asecin, lecithin, saponin, tannin) and 
synthetic surfactant- sodium dodecyl sulfate (SDS) showed a difference in the CMC of fresh 
surfactant solutions and the CMC of the supernatant of surfactant solutions in soils. This 
indicated that surfactant was lost in the soil sample due to sorption. Rhamnolipid and aescin 
losses were 75% and 80% respectively. This observation means that the effective concentration 
of surfactant solutions in soil is less than the concentration of fresh surfactant solutions. 
According to the authors, the loss reduces the effectiveness of surfactant solutions from 
removing crude oil from contaminated soil (Urum and Pekdemir, 2004). 
This is the rationale for evaluating rhamnolipid amount in the present thesis relative to 
the moisture content. The results presented can be replicated irrespective of the moisture 
content of the sample. To the best of our knowledge, this is the first research to consider the 
concentration of biosurfactants relative to the moisture content of the samples being treated. 
4.1.1.3 Nutrient addition 
Research on the effective carbon to nitrogen ratio for biodegradation has been 
conducted with several results. Akbari and Ghoshal (2014) stated that C:N ratios ranging from 
100:2 to 100:50 have been evaluated in literature. Haghollahi et al. (2016) and Meyer et al. 
(2014) used C:N:P ratios of 100:1:1 and 120:10:1 respectively. Khan et al. (2004) used 9:1 C:N 
ratio. Brook et al. (2001) compared C:N ratio of 20:1 and 40:1. 
114 
 
García Frutos et al. (2012) tested 100:10:1 and 100:10:0.5 and reported 100:10:0.5 as 
the optimum ratio.  Hesnawi and Adbeib (2013) reported 3:1:1 as the optimum N:P:K ratio. 
Mariano et al. (2007) reported optimum C:N:P ratio of 100:15:1. The different optimal 
conditions reported in various research papers necessitated evaluating C:N:P:K ratio as a 
biodegradation parameter in the present thesis. 
The objectives of this study are summarized as follows: 
The first objective is to investigate the effect of several parameters (or bioremediation 
strategies) including: biostimulation (nutrient and biosurfactant addition), bioaugmentation, 
bulking agent (hog fuel) and bioremediation treatment method (integrated or two-step) for their 
effects on the reduction of PHC. The aim of the study is to utilize bioremediation treatment 
method to explain the optimal approach for petroleum hydrocarbon degradation. Sparse 
research has been conducted on the joint effect of these parameters on petroleum hydrocarbon 
bioremediation.  
The second objective of this study is to evaluate the efficiency of biodegradation 
enhanced with “secondary microorganisms-seeding” as a treatment approach for reducing 
petroleum hydrocarbon in petroleum-contaminated soils and drill cuttings. “Secondary 
microorganisms-seeding” refers to “inoculation” with soil confirmed to have hydrocarbon-
degrading microorganisms. This bioaugmentation approach is different from the commonly 
used methods of inoculation that directly adds microbial consortium to biodegradation 
experiments. Using microbial culture for inoculation is common because of the relative ease 
(Leahy and Colwell, 1990). 
The third objective of this study is to investigate a combined clean-up approach for the 
bioremediation of hydrocarbon-polluted soils. The technologies combine physicochemical 
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processes and biological processes in the treatment of petroleum hydrocarbons through 
biosurfactant washing and bioremediation approach.  
The outcome of this work is expected to provide useful information and fresh insight to 
improve bioremediation as an innovative approach in combating environmental pollution 
resulting from petroleum hydrocarbon contamination.  
4.2 Materials and methods 
4.2.1 Property of contaminated samples 
4.2.1.1 Petroleum-contaminated soil 
Petroleum-contaminated soil (PCS) was obtained from Back to Earth Soil Remediation 
Facility located north of Prince George, BC. The samples were dried and sieved to remove 
coarse sand particles and gravel. The samples were further spiked with crude oil in the 
laboratory to TPH concentration of 10,241 mg kg-1. Initial concentrations of F2 fraction (C10-
C16) and F3 fraction (C16-C34) were 2,887 mg kg-1 and 7,354 mg kg-1 respectively. Initial 
PHC concentration was analyzed after the samples had been bioaugmented with the seeding 
soil. The analysis is to account for the base hydrocarbon levels in the seeding soil. 
The soils were spiked to this final concentration to examine the petroleum hydrocarbon 
reduction efficiency for soils severely contaminated with petroleum hydrocarbons. Spiking 
with crude oil was done prior to inoculation of the soil to prevent any negative impact of the 
organic solvent (dichloromethane) on the soil microorganism as suggested by Szulc et al. 
(2014). The soil was characterized as a sandy loam soil (Table 4.5). 
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4.2.1.2 Drill cuttings 
The samples were dried and sieved before spiking with crude oil in the laboratory. Final 
TPH concentration of the spiked samples was 18,723 mg kg-1. Initial concentrations of F2 
fraction (C10-C16) and F3 fraction (C16-C34) were 13,131 mg kg-1 and 5,592 mg kg-1 
respectively. The Initial concentration for TPH, F2 and F3 fractions were analyzed after 
augmenting the drill cuttings with the seeding soil. This is to ensure the base hydrocarbon 
levels in the seeding soil are accounted for. The soil was characterized as a silt loam soil (Table 
4.5).  
4.2.1.3 Seeding soil 
Crude oil-contaminated soil was collected from the premises of Husky Refinery, Prince 
George, BC, Canada, a location that had been impacted by crude oil and sludge from the 
refinery over time. Indigenous microorganisms occur in hydrocarbon-contaminated soils as a 
result of long-term exposure to the biodegradable contaminants (Shah, 2014). Sampling depth 
was from the surface soil to about 40 cm. At 40 cm depth, the soil is estimated to have been 
extensively exposed to petroleum hydrocarbon contaminants. The rationale is that at this depth, 
there is a higher possibility of the presence of hydrocarbon-degrading microorganism. The soil 
was collected in plastic buckets, sealed and stored in the fridge at 4 °C. Prior to use, the soil 
was air dried for 4‒5 d and sieved with a # 20 sieve to remove coarse particles. The soil was 
characterized as a sandy loam soil (Table 4.5).  
4.2.2 Chemicals 
Bushnell Haas agar (HiMedia Laboratories, India), hydrogen peroxide (H2O2, 30%, 
Fisher Scientific), calcium chloride (CaCl2; Anhydrous, Fisher Scientific), dichloromethane 
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(99.8% purity, HPLC grade, VWR), ammonium nitrate (NH4NO3), potassium dihydrogen 
phosphate (KH2PO4) and phosphorus pentoxide (P4O10) were used as sources of nitrogen, 
phosphorus and potassium nutrients.  
4.2.3 Crude-oil spiking 
Crude oil used was obtained from Husky Energy Prince George Refinery. The material 
safety data sheet (MSDS) identified the crude oil as petroleum crude oil (sweet), with a 
composition of 100% w/w of petroleum and 0.1–1% of benzene, toluene, and xylenes. Physical 
and chemical properties are as follows: opaque, brown to black color, liquid, 10 – >1100 °C 
boiling point, ‒40 °C flash point and insoluble in water, as stated on the MSDS. Crude oil was 
dissolved in dichloromethane and used to soak the soil samples using method adapted from 
Siddique et al. (2006). Spiked soil samples were air dried for 4 days with constant mixing to 
ensure removal of dichloromethane and uniformity. The spiked samples were refrigerated at 4 
°C prior to analysis.  
4.2.4 Elemental analysis of soil samples 
Soil samples were submitted to UNBC’s Northern Analytical Laboratory Services for 
elemental analysis. The methods used are as stated in Section 3.2.4.  
4.2.5 Physical analysis of soil samples  
 Physical analysis of the soil samples and bulking agent were done in the laboratory for 
moisture content, particle size, and soil texture. 
118 
 
4.2.5.1 Moisture content analysis 
Moisture content analysis was conducted using gravimetric method adapted from Kalra 
and Maynard (1991). Empty aluminum foil dishes were weighed (W1). 5 g of samples were 
further weighed in the dishes (W2) and dried at 105 °C for more than 12 h. The final weight of 
the samples in the dishes was obtained as W3. The moisture content was calculated using Eq. 
(4.1). 
 
Water/Moisture content (% by weight) = 
W2‒ W3
W3‒ W1
 x 100 (4.1) 
 
4.2.5.2 Soil texture/particle-size analysis 
Prior to analysis, samples greater than 2 mm were removed using # 10 sieve (2 mm, 
ASTM E-11 specifications). Samples were pretreated with hydrogen peroxide to remove 
organic matter following the method described in Kalra and Maynard (1991) before particle-
size analysis. For the particle-size analysis, 100 g of pretreated sample was used to separate 
sand, silt and clay fractions using a method adapted from Kalra and Maynard (1991). The 
samples were dispersed physically in water, and the sand fraction separated out with 53 µm 
sieve (# 270, ASTM E-11 specifications). The sand fraction was subsequently dried at 105 °C 
for over 24 h. The clay and silt mixture was thoroughly mixed with a hand mixer and left to 
settle, allowing the silt fraction to settle out of the mixture. After 7 h 40 min, the clay fraction 
was separated by suctioning off the supernatant into another beaker. The clay fraction in the 
collected supernatant was separated by adding calcium chloride to flocculate the clay. Distilled 
water was added to the silt fraction and mixed thoroughly to start another cycle of settling and 
separation. This cycle was repeated six more times and the silt and clay fractions dried at 105 
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°C for over 24 h. The percentage of sand, silt, and clay were estimated with Eqs. (4.2), (4.3) 
and (4.4).  
 
 
Sand (% ) = 
oven-dried weight of sand fraction
oven-dried weight of solids
 x 100 (4.2) 
 
 
 
Clay (% ) = 
oven-dried weight of clay fraction
oven-dried weight of solids
 x 100 (4.3) 
 
 
 Silt (% ) = 100% ‒(sand (%) + clay (%)) (4.4) 
 
   
 
 
 
 
 
 
 
Figure 4.1 Pre-treatment of drill cuttings with H2O2: (a) before treatment; (b) during pre-treatment; (c) 
after pre-treatment 
 
(a) (b) (c) 
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Particle size distribution analysis using sieves (Figure 4.2) followed the particle 
diameter guide adapted from the United States Department of Agriculture soil survey manual 
(Soil Science Division Staff, 2017) (Table 4.1).  
 
Table 4.1 Particle diameter of different soil constituents from the United States Department of 
Agriculture soil survey manual 
Fraction Name Particle Diameter 
Very coarse sand ≥ 1 mm but < 2 mm 
Coarse sand ≥ 0.5 mm but < 1.0 mm 
Medium sand ≥ 0.25 mm but < 0.5 mm 
Fine sand ≥ 0.1 mm but < 0.25 mm 
Very fine sand ≥ 0.05 mm but < 0.1 mm 
Silt ≥ 0.002 mm but < 0.05 mm 
Clay < 0.002 mm 
 
 
 
 
Figure 4.2 Particle size analysis with American Society for Testing and Materials (ASTM) sieves 
placed on an Endecotts shaker 
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4.2.6 Bulking agent 
Hog fuel was used as a bulking agent because it is readily available in British Columbia 
as a waste product of the forestry industry, thereby making it affordable. Hog fuel used in this 
research was obtained from feedstock used at UNBC’s Bioenergy Plant. Bulking agent is 
tested as an experimental parameter in this research to achieve two objectives. The first 
objective is to increase the water holding capacity of the samples. The second objective is to 
improve aeration in the samples. By combining the different sizes of bulking agents’ particles 
in a particular proportion, their physical properties can be modified (Maharani et al., 2010). 
Different particle size of bulking agents work better for aeration or water holding capacity 
separately. Coarse size particles (350‒710 µm) readily provide airspace because they are less 
likely to pack together and fine size particles (177‒350 µm) show significantly higher water 
retention capacity than larger particle sizes. This high water retention capacity of fine size 
particles is attributed to the increased surface area of the particles as a result of the decrease in 
size which enhances the adhesion between water mass and the particles (Maharani et al., 2010). 
Hog fuel was sterilized by autoclaving at 121 °C for 15 min before use. Sterilization was done 
to prevent an additional source of microorganisms into the experiment beyond the seeding soil. 
Hog fuel is also referred to as sawdust in the present thesis. 
Due to the influence of sawdust particle size on its physical properties such as water 
retention capacity (Maharani et al., 2010), the particle size distribution of hog fuel was 
analyzed using the sieve analysis technique. 
4.2.6.1 Particle size distribution for hog fuel 
Octagon 2000 Endecotts Shaker (8 amplitude) was used to analyze 500 g of hog fuel 
sample. Fine particle size and coarse particle size hog fuel with particle size of  “≥200 µm but 
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< 400 µm” and < 200 µm respectively (Table 4.7) were mixed in a 1:1 ratio before mixing with 
samples. 
4.2.7 Confirmation of hydrocarbon-degrading microorganisms 
Bushnell Haas agar (BHA) was prepared according to the manufacturer’s instructions. 
23.27 g of agar was dissolved in 1000 mL of distilled water. To completely dissolve the 
medium, the solution was heated on a hot plate. The medium was sterilized by autoclaving for 
15 min at 121 °C and 15 lbs pressure. BHA is used to study microbial hydrocarbon 
deterioration. All nutrients except carbon source required for the growth of microorganism are 
present in the media. When hydrocarbon is supplied as sole carbon source, only 
microorganisms capable of degrading such hydrocarbons will grow on the media. 
Serial dilutions were prepared using the soil samples (seeding soil, drill cuttings, and 
petroleum-contaminated soil) following the method outlined in Leboffe and Pierce (2011) and 
Egger and Robertson (2015). 1 g of sample was weighed and added to a beaker containing 99 
mL of distilled water. This was properly mixed and allowed to settle. The dilution was marked 
as 10-2 dilution. 1 mL of suspension from the 10-2 beaker was transferred into a test tube 
containing 9 mL of distilled water and vortexed. This gave a 10-3 dilution. 0.1 mL of the 10-2 
and 10-3 dilutions were used to inoculate the agar. Spread plate and pour plate techniques were 
used. For the pour plate technique, 1 mL of the soil dilutions was poured into the sterile petri 
dishes. Cooled BHA was poured into the sterile dishes, and the plates swirled gently to allow 
the inoculum mix with the agar. Carbon source was added to the solidified agar. For the spread 
plate technique, 0.1 mL of the soil dilutions were transferred onto the surface of solidified 
BHA agar plates with a pipette. An L-shaped rod which had been sterilized by dipping in 70% 
ethanol and passing through a flame was used to spread the inoculum on the surface of the 
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agar. Carbon source was added subsequently. Diesel and crude oil were used as carbon 
sources. The carbon sources- diesel and crude oil were sterilized with a 0.4 µm membrane 
filter. Diesel was poured into the lid of the petri dish, and the petri dish containing the medium 
was inverted (HiMedia, 2011). Crude oil was layered on the surface of the agar after 
inoculation. The soil samples (PCS, drill cuttings, and seeding soil) were also used as sole 
carbon sources- no additional carbon source was added. The rationale was that hydrocarbon 
present in the soil samples would serve as a carbon source. For these set of experiments, the 
soil samples used also served as the source of microorganisms. Additional inoculum from the 
soil dilutions was not used. Both spread and pour plate techniques were used. All plates were 
incubated at 25 °C for 7 d. The crude oil used as carbon source was the same one used for 
spiking the samples. Colony-forming units were enumerated using the plate count method. A 
plate count of bacterial colonies in a known dilution was performed after incubation and the 
number of colonies multiplied by the dilution factor. 
 Number of CFUs per gram of soil = Number of colonies x dilution factor of plate (4.5) 
 
4.2.8 Sampling and experimental procedure 
4.2.8.1 Total petroleum hydrocarbon analysis 
TPH analysis was conducted as per Section 3.2.3. This study, however, investigates 
biodegradation of petroleum hydrocarbons C10 to C34. The amount of TPH analyzed for the 
biodegradation treatment was limited to the F2 and F3 fractions only, which is the sum of 
integration of peaks eluted from GC-FID between the decane (C10) and tetratriacontane (C34) 
retention times. 
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F4 fraction was not measured because the combination of F4 fraction present in the 
contaminated samples and the crude oil was substantially below the applicable regulatory 
standards stipulated by CCME. In addition, there are no standards stipulated for F4 fraction in 
British Columbia Contaminated Sites Regulation (BC CSR). 
4.2.8.2 Bioremediation experiment 
4.2.8.2.1 Experimental design  
The experimental plan for the bioremediation treatment was designed with Taguchi 
experimental design using the L16 orthogonal array (Table 4.2). Parameters tested in the 
bioremediation treatment were amount of rhamnolipid in soil (4 levels), addition of hog fuel as 
bulking agent (4 levels), nutrient addition (nitrogen, phosphorus, and potassium: N:P:K) (4 
levels) and bioremediation treatment method (2 levels).  
4.2.8.2.2 Details of experimental plan 
‘Two-step’ indicates initial washing with rhamnolipid, followed by bioremediation in 
which the indicated amount of rhamnolipid for the respective level was added. The 
rhamnolipid concentration used was 500 mg L-1- the optimum concentration observed in phase 
1 (Chapter 3). 
‘Integrated’ indicates bioremediation treatment in which rhamnolipid was either added 
or not added based on the parameter combination for that experimental level, as indicated in 
Table 4.2. 
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Table 4.2 Taguchi experimental design for bioremediation of drill cuttings and petroleum-contaminated 
soil 
Experiment  Rhamnolipid  Sawdust Nutrients Treatment 
No. Amount (mg) (%, w/w) (C:N:P:K) Method 
1 None None None Integrated 
2 None 2 100:4:1:1 Integrated 
3 None 4 100:10:1:1 Two-step 
4 None 6 100:14:2:2 Two-step 
5 2.125 None 100:4:1:1 Two-step 
6 2.125 2 None Two-step 
7 2.125 4 100:14:2:2 Integrated 
8 2.125 6 100:10:1:1 Integrated 
9 12.5 None 100:10:1:1 Integrated 
10 12.5 2 100:14:2:2 Integrated 
11 12.5 4 None Two-step 
12 12.5 6 100:4:1:1 Two-step 
13 50 None 100:14:2:2 Two-step 
14 50 2 100:10:1:1 Two-step 
15 50 4 100:4:1:1 Integrated 
16 50 6 None Integrated 
 
 
The Taguchi method used gave a 16-level design. To further test a few conditions 
Experiment No. 19 and 20 levels were included, not as an addition to the array, but conducted 
by changing the washing condition of Experiment No. 3 and 4. 
Experiment No. 3 & 4 
Samples were washed with water only, and no rhamnolipid was added in the bioremediation 
step. 
Experiment No. 19 & 20  
Samples were washed with rhamnolipid solution in the washing step, but no rhamnolipid was 
added to the bioremediation step. 
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Controls 
Two set of control experiments were set up. 
A set of bioremediation treatment was set up with seeding soil added and two-step method as 
Control 1. No rhamnolipid, sawdust, and nutrient were added. This is represented as 
Experiment No. 17. 
Another set of bioremediation treatment was set up with no seeding soil added and integrated 
method as Control 2. No rhamnolipid, sawdust, and nutrient were added. This is represented as 
Experiment No. 18. 
The additional experiments conducted are presented in Table 4.3. 
 
Table 4.3 Additional bioremediation experimental plan 
Experiment  Rhamnolipid  Sawdust Nutrients Treatment Experimental 
No. Amount (mg) (%, w/w) (C:N:P:K) Method Difference 
17 None None None Two-step Method Control 
18 None None None Integrated 
Bioaugmentation 
Control 
19 None 4 100:10:1:1 Two-step Wash with RL 
20 None 6 100:14:2:2 Two-step Wash with RL 
RL = Rhamnolipid 
4.2.8.2.3 Experimental procedure 
The samples were inoculated with seeding soil in ratio 9:1 of sample to seeding soil. 
The samples were mixed thoroughly to ensure even distribution of the seeding soil and to 
minimize sampling error. The homogenized mixture was sampled to calculate the initial TPH 
concentration prior to bioremediation treatment. For the laboratory scale experiments using 
sieved and air-dried drill cuttings and petroleum-contaminated soil, 25 g dry weight of sample 
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was weighed into 250 mL Erlenmeyer flasks. The dry weight of each sample was calculated 
using Eq. (4.6).  
 
Water/Moisture content (% by weight) = 
moisture (g)
oven-dried soil (g)
 x 100 (4.6) 
 
Sawdust was added based on the Taguchi design. Rhamnolipid and nutrient solution 
were added as appropriate. Distilled water was added to the mixture to get the final moisture 
content to approximately 20%, with the final weight of each set-up measured with a precision 
balance (Sartorius). For experimental setups without nutrient or rhamnolipid addition, 
adjustments were made to achieve the same final moisture content by the addition of distilled 
water (Horel and Schiewer, 2009).  This was denoted as “day ‘0’ weight”.  The moisture 
content in the samples was maintained using gravimetric method. Gravimetric method for 
moisture content monitoring has been recorded by Horel and Schiewer (2009) and Ferguson et 
al. (2003). Yan et al. (2011) maintained moisture constant by daily addition of distilled water at 
10‒12 mL kg-1. Moisture loss computed as a loss in weight of samples every 3 to 4 d was 
replenished by addition of distilled water to make up the flask to the starting “day ‘0’ weight”. 
1 g of water was taken as approximately 1 mL of water. 
 Water added (mL) = New weight (g) - Day '0' weight (g) (4.7) 
 
Each flask was thoroughly mixed. The flasks were plugged with foam plugs. Each level 
of the experimental plan was conducted in triplicate. Two control experiments were set up. The 
first set using the integrated method, seeding soil, rhamnolipid, nutrient, bulking agent were 
not added. The second set using two-step method was washed with water with no 
bioaugmentation, rhamnolipid, nutrient, or bulking agent added. The flasks were placed in the 
128 
 
growth chamber for 50 days at a regulated temperature. The growth chambers (EGC, Ohio) 
were provided by UNBC’s IK Barber Enhanced Forestry Lab. 
 
 
Figure 4.3 Growth chambers with regulated temperature used for the biodegradation 
experiments 
 
The set-up date was denoted as “day 0”. HOBO data loggers (ONSET, Hoskin 
Scientific, Canada) (Figure 4.4) were used to log temperature, humidity and light intensity in 
the growth chambers every 30 min for the duration of the experiment (50 d).  
 
Figure 4.4 HOBO data loggers 
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For the biodegradation set-up, the samples were maintained at 16‒20% moisture 
content and the temperature was kept constant in the growth chambers at an average 
temperature of 22.24 °C (Maximum temperature = 23.63 °C, Minimum Temperature = 21.33 
°C). Relative Humidity was constant at 23.4%. 
The biodegradation experiment was run for 50 days. This treatment time is considered 
sufficient to observe bioremediation of the samples as biodegradation processes required to 
achieve efficient reduction/removal of hydrocarbon contaminants can range up to several 
weeks (Trellu et al., 2016). 
 
 
Figure 4.5 Triplicate biodegradation experiment setup of petroleum-contaminated soil with foam plugs 
 
4.2.8.2.4 Biodegradation kinetics 
The rate of biodegradation was calculated for drill cuttings and petroleum contaminated 
soil. The first order kinetic model as reported by Smith et al. (2015) and Ebadi et al. (2017) 
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was used to calculate the mineralization of TPH, F2 and F3 fraction. Rate of biodegradation 
was computed using the model presented by Ebadi et al. (2017):  
 
ln (
C
Cₒ
) = ‒kt (4.8) 
 
Or 
 C=Coe
-kt (4.9) 
 
Where 
 C is hydrocarbon concentration 
Co is initial concentration of hydrocarbon 
T is the number of days elapsed  
K is the rate constant (d-1) 
4.3 Results and discussion  
4.3.1 Physical and chemical characteristics 
Physical and chemical characteristics of the experimental samples are outlined in Table 
4.5 to Table 4.7. 
 
Table 4.4 Moisture content analysis of experimental samples utilized in the biodegradation experiments 
Sample Moisture Content (%) 
Bioaugmented Drill Cuttings 10.26 
Bioaugmented PCS 2.11 
Hog Fuel 6.52 
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Table 4.5 Physical and chemical characteristics of drill cuttings (DC), petroleum-contaminated soil 
(PCS) and seeding soil 
  Spiked  Spiked  Seeding   Spiked  Spiked  Seeding 
  DC PCS Soil   DC PCS Soil 
Properties (%) Elements Concentration (mg kg-1) 
Total Carbon 13.59 9.19 2.14 P 1391 1266 713 
Inorganic Carbon 9.27 1.75 0.61 K 6201 2990 1932 
Organic Carbon 4.32 7.44 1.53 Fe 15115 37745 30179 
Total Nitrogen  0.05 0.15 0.12 Cu 76 290 35 
Organic Matter Content 8.71 8.84 2.18 Zn 330 873 91 
    
S 9807 2092 495 
Soil Texture (%) Mg 10950 9798 6915 
Silt 73.8 40.4 30.3 Mn 333 1083 644 
Clay 3.7 3.1 5.2 Ca 55053 16461 4781 
Sand 22.5 56.6 64.5 Co 1 3 2 
    
Mo 9 26 <1.5 
    
Al 12720 16965 16381 
    
Ba 5499 424 307 
    
Na 1710 1121 227 
        Sr 306 71 37 
 
 
Table 4.6 Particle size analysis of experimental samples using American Society for Testing and 
Materials (ASTM) specification sieves 
Sieve Size 
Percentage (%) 
Petroleum-contaminated 
soil 
Drill 
Cuttings 
≥ 25 mm 22.2 0.0 
≥ 16 mm but < 25 mm 0.0 3.7 
≥ 8 mm but < 16 mm 4.6 1.6 
≥ 4 mm but < 8 mm 5.7 5.5 
≥ 2 mm but < 4 mm 9.5 8.7 
≥ 850 µm but < 2 mm 14.3 10.9 
≥ 500 µm but < 850 µm 14.5 23.0 
≥ 250 µm but < 500 µm 14.2 17.1 
≥ 53 µm but < 250 µm 12.8 21.8 
< 53 µm 2.3 7.7 
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Table 4.7 Analysis of Particle size distribution of sawdust using American Society for Testing and 
Materials (ASTM) specification sieves 
Classification Measurement Percentage (%) 
Oversized particles ≥ 850 µm 5.9 
Coarser particle size ≥400 µm but < 850 µm 14.0 
Coarse particle size ≥200 µm but < 400 µm 22.1 
Fine particle size < 200 µm 58.0 
 
4.3.2 Hydrocarbon-degrading microorganisms 
Table 4.8 shows the estimated colony-forming units (CFUs) of hydrocarbon-degrading 
microorganisms in the samples (drill cuttings and petroleum-contaminated soil) and the 
seeding soil. CFU was enumerated from the pour plate techniques. Bushnell Haas agar (BHA) 
plates prepared using the spread plate techniques and the use of samples as carbon sources 
were used to visually confirm the presence of hydrocarbon-degrading microorganism by the 
absence or presence of colonies. Due to the nutrient composition of BHA, presence of colonies 
is indicative of hydrocarbon-degrading microorganism as described in Section 4.2.7. 
Petroleum-contaminated soil and Seeding soil were tested for the ability of the 
indigenous hydrocarbon-degrading microorganisms (HDMs) to utilize hydrocarbon 
contaminants present in the samples as carbon source. This test presented positive results. This 
test confirmed that the samples had HDMs. In addition, the HDMs were capable of degrading 
the hydrocarbon contaminants in the samples as their carbon source. CFUs estimated from the 
BHA plates prepared using the pour plate technique confirmed the ability of the HDMs to 
utilize crude oil and diesel as sole carbon source. 
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were observed than with diesel for both PCS and seeding soil. The presence of colonies could 
be due to either a preference for crude oil by the microorganisms or loss of diesel from 
volatilization before the 7 d incubation period was over, thus reducing the amount of diesel 
available for utilization by the HDMs. More colonies observed with crude oil as a carbon 
source could also be as a result of the larger surface area of crude oil which would have 
fostered the growth of more HDMs.  
Rahman et al. (2003) enumerated total heterotrophic bacteria present in soil at the start 
of biodegradation experiment and recorded CFU values of 2.1±0.7 x 103. Hydrocarbon 
degraders enumerated in the seeding soil in Table 4 are higher than these CFU values. 
Although the CFU in the seeding soil is lower compared to other values recorded in the 
literature, the CFU was considered sufficient to serve as bioaugmentation source. 106 CFU g 
soil -1 was reported by Akbari and Ghoshal (2014). 
4.3.3 Petroleum hydrocarbon degradation in drill cuttings 
The Taguchi orthogonal array used resulted in the combination of the different 
parameters investigated for their impact on degradation of petroleum hydrocarbon in drill 
cuttings. These experimental levels are designated L1 to L16. L17 to L20 are the additional 
experiments and control experiments as explained in Section 4.2.8.2.2. 
Figure 4.7 shows the results of TPH, F2, and F3 fraction reduction in drill cuttings. The 
extent of degradation of F2 fraction was high for all the experimental levels. F3 fraction, on the 
other hand, showed lower reduction percentages. At the end of 50 d, PHC reduction recorded 
in drill cuttings ranged between 60.7% and 82.6% for TPH. Highest reduction in TPH was 
observed in L5 (Rhamnolipid amount = 2.125 mg, sawdust = none, nutrients C:N:P:K = 
100:4:1:1, treatment method = two-step). The lowest TPH reduction was recorded in L2 
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(Rhamnolipid amount = none, sawdust = 2%, nutrients C:N:P:K = 100:4:1:1, treatment method 
= integrated). 
For F2 fraction, PHC reduction was high in all the experimental levels. Lowest 
reduction for F2 was 78.4% at L4 with parameters: rhamnolipid amount = none, sawdust = 6%, 
nutrients C:N:P:K = 100:14:2:2, treatment method = two-step. The highest reduction for the F2 
fraction was 94.9% at L13 with parameters: Rhamnolipid amount = 50 mg, sawdust = none, 
nutrients C:N:P:K = 100:14:2:2, treatment method = two-step. Reductions observed in F3 
fraction was generally low, with lowest reduction recorded at 5.7% at L1. The test parameters 
were: rhamnolipid amount = none, sawdust = none, nutrients C:N:P:K = none, treatment 
method = integrated. 59.5% was the highest reduction in F3 fraction at L3. Test parameters at 
this level were: rhamnolipid amount = none, sawdust = 4%, nutrients C:N:P:K = 100:10:1:1, 
treatment method = two-step). 
The reduction of petroleum hydrocarbons expressed in percentages are listed in Table 
4.9 for TPH, F2 and F3 fractions. The degradation rate constant and the S/N ratio for all 
experimental levels in the orthogonal array are also listed in Table 4.9. Table 4.10 lists the 
initial petroleum hydrocarbon concentration in drill cuttings prior to bioremediation treatment, 
and the residual petroleum hydrocarbon concentrations after treatment for TPH, and fractions 
F2 and F3. 
Residual hydrocarbon concentrations in the drill cuttings are presented in Figure 4.8. 
The range of residual concentrations in the samples are F2 = 666 ‒ 2,841 mg kg-1, F3 = 2,267 ‒ 
5,272 mg kg-1 and TPH = 3,259 ‒ 7,359 mg kg-1. When compared to CCME standards in Table 
3.2, the residual concentrations for both F2 and F3 fractions are more than the standards for all 
categories of land use, even with the highest degradation rate recorded.  
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Figure 4.7 Total petroleum hydrocarbon and hydrocarbon fractions reduction in drill cuttings through bioremediation experiments (Error bars indicate 
standard deviations) 
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When compared to BC CSR standards in Table 3.3, lowest residual concentration 
recorded for F2 fraction was less than LEPHs for all land use types, but slightly above LEPHs 
standard for ‘wildlands natural’ in protection of ecological health. Lowest residual 
concentration recorded for F3 fraction was above the stipulated standards for HEPHs for most 
land use types except commercial and industrial for protection of both human and ecological 
health, and below standards for ‘residential high density’ when considering protection of 
ecological health. 
The results of the rate and extent of biodegradation in 50 days favorably compares with 
the treatment time reported in the literature. Biodegradation experiments set up by Rahman et 
al. (2003) were for a duration of 84 d. 100% reduction was recorded for n-alkanes in the range 
of C8‒C11, while 57‒73% reduction was recorded for n-alkanes in the range of C32‒C40. 
Maximum biodegradation was recorded after 56 d by the authors (Rahman et al., 2003). Meyer 
et al. (2014) and Brook et al. (2001) incubated samples for 60 d, while Mariano et al. (2007) 
set up biodegradation experiments for 55 d. Yan et al. (2011) conducted biodegradation 
treatment for 120 d. Concentration of saturated hydrocarbons in their bioremediation 
experiments decreased from 12,600 mg/kg to 2,140 mg/kg over the 120 d period 
(approximately 83% reduction). The treatment period used for the present thesis while being 
less than what has been reported in the literature, shows results that compare favorably with 
biodegradation reports by the authors mentioned above. 
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Table 4.9 Petroleum hydrocarbon reduction and degradation rate constant for total petroleum hydrocarbon (TPH), F2 and F3 fractions in drill cuttings 
after bioremediation treatment
Experiment  Rhamnolipid  Sawdust Nutrients Treatment   PHC Reduction (%)   
Degradation Rate Constant  
(d-1)   S/N Ratios 
No. 
Amount 
(mg) 
(%, 
w/w) (C:N:P:K) Method   TPH F2 F3   TPH F2 F3   TPH F2 F3 
L1 None None None Integrated 
 
62.2 86.3 5.7 
 
0.0195 0.0398 0.0012 
 
35.70 38.63 12.52 
L2 None 2 100:4:1:1 Integrated 
 
60.7 83.1 8.1 
 
0.0187 0.0356 0.0017 
 
35.55 38.30 15.23 
L3 None 4 100:10:1:1 Two-step 
 
67.7 91.3 59.5 
 
0.0226 0.0488 0.0181 
 
39.98 40.97 36.83 
L4 None 6 100:14:2:2 Two-step 
 
67.9 78.4 39.9 
 
0.0227 0.0306 0.0102 
 
39.00 39.49 32.84 
L5 2.125 None 100:4:1:1 Two-step 
 
82.6 93.3 59.0 
 
0.0350 0.0541 0.0178 
 
38.33 39.39 35.41 
L6 2.125 2 None Two-step 
 
67.7 87.7 20.7 
 
0.0226 0.0419 0.0047 
 
36.61 38.86 26.29 
L7 2.125 4 100:14:2:2 Integrated 
 
67.4 88.2 18.6 
 
0.0224 0.0427 0.0041 
 
36.57 38.89 25.19 
L8 2.125 6 100:10:1:1 Integrated 
 
70.4 89.3 26.1 
 
0.0243 0.0446 0.0060 
 
36.93 38.99 28.20 
L9 12.5 None 100:10:1:1 Integrated 
 
68.7 90.5 17.6 
 
0.0232 0.0470 0.0039 
 
36.74 39.13 24.00 
L10 12.5 2 100:14:2:2 Integrated 
 
68.1 85.3 27.7 
 
0.0228 0.0384 0.0065 
 
36.66 38.62 28.77 
L11 12.5 4 None Two-step 
 
68.3 86.6 25.3 
 
0.0230 0.0402 0.0058 
 
36.66 38.72 27.94 
L12 12.5 6 100:4:1:1 Two-step 
 
71.8 88.1 33.7 
 
0.0253 0.0426 0.0082 
 
37.11 38.90 29.83 
L13 50 None 100:14:2:2 Two-step 
 
78.4 94.9 39.6 
 
0.0306 0.0596 0.0101 
 
37.83 39.55 30.25 
L14 50 2 100:10:1:1 Two-step 
 
73.9 92.2 31.1 
 
0.0269 0.0510 0.0074 
 
37.38 39.29 29.70 
L15 50 4 100:4:1:1 Integrated 
 
71.7 88.9 31.4 
 
0.0253 0.0440 0.0075 
 
37.09 38.96 29.64 
L16 50 6 None Integrated   66.9 81.9 31.6   0.0221 0.0342 0.0076   36.43 38.18 29.96 
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Table 4.10 Initial petroleum hydrocarbon concentration and residual petroleum hydrocarbon 
concentration in drill cuttings after bioremediation treatment 
Initial petroleum hydrocarbon concentration in drill cuttings (mg kg-1) 
 
TPH SD for TPH F2 SD for F2 F3 SD for F3 
 18723 279 13131 163 5592 145 
 Residual petroleum hydrocarbon in drill cuttings after bioremediation 
treatment (mg kg-1) 
 
TPH SD for TPH F2 SD for F2 F3 SD for F3 
L1 7069 1680 1798 1113 5272 630 
L2 7359 1299 2219 1099 5139 301 
L3 6043 951 1146 214 2267 837 
L4 6016 1108 2841 1577 3362 839 
L5 3259 423 878 260 2294 26 
L6 6045 154 1613 111 4431 84 
L7 6099 423 1551 582 4549 172 
L8 5545 713 1410 611 4134 168 
L9 5859 71 1252 277 4607 297 
L10 5973 266 1929 173 4045 136 
L11 5933 784 1758 622 4175 167 
L12 5271 626 1564 170 3707 591 
L13 4046 1261 666 140 3380 1122 
L14 4878 158 1025 71 3853 225 
L15 5292 705 1458 528 3834 347 
L16 6198 1171 2374 1060 3824 111 
 SD = Standard deviation
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Figure 4.8 Residual concentration of petroleum hydrocarbon in drill cuttings after bioremediation experiments (Error bars indicate standard deviations, 
IPH = Initial petroleum hydrocarbon) 
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4.3.3.1 Total petroleum hydrocarbon degradation in drill cuttings 
The main effects of the individual parameters on total petroleum hydrocarbon (TPH) 
biodegradation are shown in Figure 4.9. The main effects plot presents the optimal 
bioremediation parameters for biodegradation treatment of drill cuttings based on TPH 
reduction observed. The optimal conditions were: rhamnolipid amount = none, sawdust = 4%, 
nutrient C:N:P:K = 100:10:1:1 and treatment method = two-step. It is observed that the signal-
to-noise (S/N) ratio decreased with increase in the rhamnolipid amount up to 12.5 mg (i.e., 
level 3), after which the S/N ratio increased when the rhamnolipid amount was increased to 50 
mg (i.e., level 4). The pattern of S/N ratio was similar for sawdust; with increase from 0 to 2%, 
S/N ratio decreased. A considerable change in S/N ratio occurred when the sawdust percentage 
was increased to 4% (i.e., level 3), the S/N ratio increased, but with a subsequent drop to a 
lower S/N ratio with increase in the percentage of sawdust to 6% (i.e., level 4). 
The patterns of S/N ratio change for nutrient and treatment method are similar.  The 
S/N ratio increased along with the increase in nutrient ratio from level 1 to level 3 (i.e., 0 to 
100:10:1:1), but the S/N ratio slightly decreased when the nutrient ratio was increased to 
100:14:2:2 (i.e., level 4). The greater change occurred in S/N ratio when the treatment method 
was changed from integrated method (i.e., level 1) to two-step method (i.e., level 2), indicating 
that treatment method was the significant factor on TPH degradation with the bioremediation 
treatment (Table 4.11). 
Based on the results of TPH degradation, interaction plots are presented in Figure 4.10 
and Figure 4.11. In line with the ANOVA results that confirmed treatment method as being the 
significant factor in TPH biodegradation, three interaction plots were generated. These plots 
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depict the interaction between treatment method and the other three factors: rhamnolipid 
amount, nutrient and sawdust.  
 
Figure 4.9 Main effects of test parameters on total petroleum hydrocarbon biodegradation in drill 
cuttings through bioremediation treatment with water wash for L3 and L4. 
 
Statistical analysis used for this study is ANOVA- Analysis of Variance. The ANOVA 
results were computed by MINITAB 17 software. In the calculation of ANOVA, the following 
parameters are generated: DF- degree of freedom, Adj SS- adjusted sum of squares, Adj MS- 
adjusted means squares, F-Value, P-Value- probability value. With the results of ANOVA 
presented in Table 4.11, the treatment method is verified as having the most significant impact 
on TPH biodegradation with a probability value of 0.018 (i.e., less than the significance level 
of 0.05 which signifies a confidence level of 95%). 
 
143 
 
Table 4.11 ANOVA for total petroleum hydrocarbon reduction in bioremediation experiments with 
drill cuttings (water wash) 
Source DF Adj SS Adj MS F-Value P-Value 
Rhamnolipid Amount 3 38.46 12.82 0.65 0.616 
Sawdust 3 69.06 23.02 1.17 0.409 
Nutrient 3 121.73 40.58 2.06 0.224 
Treatment Method 1 235.30 235.30 11.94 0.018 
Residual Error 5 98.56 19.71 
  Total 15 563.11       
 
 
 
Figure 4.10 Interaction of rhamnolipid amount and treatment method on total petroleum hydrocarbon 
biodegradation in drill cuttings through water wash 
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Figure 4.11 Interaction of factors on total petroleum hydrocarbon biodegradation in drill cuttings 
through water wash: (a) interaction of treatment method and nutrients; (b) interaction of treatment 
method and sawdust 
     (a) 
     (b) 
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Additional experiments were conducted as L19 and L20. This was used to examine the 
effect of washing the samples with rhamnolipid as opposed to washing with water only in the 
two-step method for levels 3 and 4. To depict the effect of the rhamnolipid wash, the main 
effects graph was plotted with data stated in L19 and L20 for levels 3 and 4. This resulted in a 
significant change in the optimum parameters for the bioremediation treatment. The optimal 
conditions were: rhamnolipid amount = 50 mg, sawdust = none, nutrient C:N:P:K = 100:4:1:1 
and treatment method = two-step. The results are presented in Figure 4.12 and Table 4.12. 
The pattern of change in the S/N ratios in response to changes in the experimental 
levels was quite different for rhamnolipid amount but similar for parameters: sawdust, nutrients 
and treatment method. The S/N ratio for level 1 of rhamnolipid amount (i.e., none) was the 
lowest for the parameter with this test, however, with water washing only, level 1 (i.e., none) 
was highest. With an increase from level 1 to level 2 (i.e., from none to 2.125 mg), S/N ratio 
increased, but it slightly decreased when the rhamnolipid amount was increased to level 3 (12.5 
mg). With the increase in rhamnolipid amount from level 3 to level 4 (i.e., 12.5 mg to 50 mg), 
the S/N ratio increased, with 50 mg becoming the optimum level for TPH degradation as 
presented in Figure 4.12.  
While the optimum sawdust level for TPH reduction changed from 4% in water wash 
experiment to 0% in rhamnolipid wash, the pattern of change of the S/N ratio remained largely 
similar. The S/N ratio decreased noticeably with the increase in sawdust from 0% to 2% (i.e., 
level 1 to level 2). With the increase in sawdust from 2% to 6% (i.e., level 2 to level 4), there 
was an increase in S/N ratio, although, the increase in S/N ratio from level 3 to level 4 (i.e., 4% 
to 6%) was only a slight one. 
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With nutrients, it was observed that increasing from no nutrient addition to C:N:P:K 
ratio of 100:4:1:1 (i.e., level 1 to level 2) led to a noticeable increase in S/N ratio. While, 
increasing the nutrient ratio from 100:4:1:1 to 100:10:1:1 (i.e., level 2 to level 3), led to a 
decrease in S/N ratio. No noticeable change was observed in the S/N ratio when the nutrient 
ratio increased to 100:14:2:2 (i.e., level 4), indicating that changing from level 3 to level 4 for 
nutrient addition did not enhance TPH degradation. The pattern of change for the last factor 
treatment method was the same as water wash, with the S/N ratio increasing with a change 
from integrated to two-step. The greater change in S/N ratio occurred with change from level 1 
to level 2 for rhamnolipid amount and change from level 1 to level 2 for treatment method, 
indicating that rhamnolipid amount and treatment method were the significant factors on TPH 
degradation with rhamnolipid washing. 
The ANOVA results presented in Table 4.12 verified that rhamnolipid amount and 
treatment method had the most significant impact on TPH biodegradation when rhamnolipid 
washing was employed in experiment nos. 3 & 4 of the bioremediation experiment setup. The 
other two factors did not have any significant effect on the bioremediation of TPH. Thus, the 
use of rhamnolipid washing in experiment nos. 3 & 4 also resulted in a change in the 
significant parameters in biodegradation of TPH in drill cuttings.  
These results reflect that the extent of degradation of TPH would change if the 
experimental plan incorporates different washing condition for the samples. Interestingly, the 
extent of TPH degradation in drill cuttings was greater with water wash only, than with 
rhamnolipid wash experiment. Experiment no. 3 resulted in TPH degradation of 81.8% and 
67.7% for water wash and rhamnolipid wash respectively, while experiment no. 4 resulted in 
TPH degradation of 72.9% and 67.9% for water wash and rhamnolipid wash respectively. Soil 
washing with distilled water alone removed more than 40% of oil adsorbed to sand in 
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experiments conducted by Chaprão et al. (2015). Huguenot et al. (2015) recorded hydrocarbon 
reduction due to soil washing with only water. This was attributed to probably the presence of 
hydrocarbons which are more easily accessible and can be mobilized with water. We 
recommend that washing with biosurfactants should only be employed when biosurfactant 
application is considered necessary. Such conditions include experiments with weathered 
samples; when solubility of hydrocarbons is limited.  
Even though we observed from the experiments that employed rhamnolipid wash for 
experiment nos. 3 and 4, that more hydrocarbons were removed with water wash experiments 
than with rhamnolipid wash experiments, rhamnolipid amount parameter was a significant 
factor in the bioremediation treatment. In addition, the highest level for rhamnolipid amount 
(i.e. 50 mg) was observed as the optimum level in these rhamnolipid washing experiments. 
 
Figure 4.12 Main effects of test parameters on total petroleum hydrocarbon biodegradation in drill 
cuttings through bioremediation treatment with rhamnolipid wash for L3 and L4. 
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Table 4.12 ANOVA for total petroleum hydrocarbon reduction in bioremediation experiments with 
drill cuttings (rhamnolipid wash) 
Source DF Adj SS Adj MS F-Value P-Value 
Rhamnolipid Amount 3 162.28 54.094 8.65 0.020 
Sawdust 3 64.60 21.533 3.44 0.108 
Nutrient 3 65.94 21.980 3.51 0.105 
Treatment Method 1 111.39 111.387 17.81 0.008 
Residual Error 5 31.28 6.255 
  Total 15 435.48       
 
The interaction plots for the significant parameters in TPH degradation with 
rhamnolipid wash for experiment nos. 3 & 4 are presented in Figure 4.13 and Figure 4.14. 
 
Figure 4.13 Interaction of significant parameters - sawdust and rhamnolipid amount - on total 
petroleum hydrocarbon biodegradation in drill cuttings with rhamnolipid wash for L3 and L4  
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Figure 4.14 Interaction of significant parameters on total petroleum hydrocarbon biodegradation in drill 
cuttings with rhamnolipid wash for L3 and L4: (a) interaction of rhamnolipid amount and treatment 
method; (b) interaction of treatment method and nutrients 
    (a) 
     (b) 
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4.3.3.2 F2 and F3 fraction degradation in drill cuttings 
 Investigating the effect of the different parameters tested on the degradation of the 
hydrocarbon fractions- F2 and F3 is important, particularly because the CCME standards used 
for comparison of this study are not stated as TPH but as the various hydrocarbon fractions. BC 
CSR also uses LEPHs and HEPHs as opposed to TPH. In addition, investigating the effect of 
the parameters on the degradation of the individual fractions will give insight into the optimal 
parameters that should be considered when the degradation of a particular hydrocarbon fraction 
such as the recalcitrant longer chain hydrocarbons is of major concern.  
 
The residual concentrations of the hydrocarbon fractions and the rate of degradation are 
presented in Table 4.9 and Table 4.10. The main effect plot for the degradation of F2 fraction 
is presented in Figure 4.15. For all the four parameters tested, the pattern of change of the S/N 
ratio was similar to the pattern observed in TPH degradation as depicted in Figure 4.9. 
Degradation of F2 fraction decreased with increase in rhamnolipid amount up to level 3 (i.e., 
12.5 mg). The subsequent increase of rhamnolipid amount to 50 mg (i.e., level 4) led to an 
increase in F2 degradation. With the increase in the nutrient ratio from level 1 to level 3 (i.e., 0 
to 100:10:1:1), the extent of degradation of F2 fraction was observed to increase, as the S/N 
ratio increased. Increase in the nutrient to a higher ratio of 100:14:2:2 (i.e., level 4), however, 
showed a decrease in S/N ratio. Similar to TPH degradation, changing from integrated 
treatment method to two-step treatment method increased the degradation of F2. The ANOVA 
results are presented in Table 4.13. Unlike the TPH degradation where treatment method was a 
significant factor, for F2 degradation, none of the parameters had a significant effect on the 
extent and rate of degradation of F2 fraction. 
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Figure 4.15 shows the optimal conditions for biodegradation of F2 fraction. The 
optimal conditions were: rhamnolipid amount = none, sawdust = 4%, nutrient C:N:P:K = 
100:4:1:1 and treatment method = two-step. The optimal conditions for F2 fraction and TPH 
are the same for all test parameters. This could be attributed to the extent of degradation 
recorded in F2 fraction. In addition, the initial concentration of F2 fraction was high, and the 
high degradation observed in this fraction considerably impacted TPH reduction.  
 
 
Figure 4.15 Main effects of test parameters on F2 fraction biodegradation in drill cuttings through 
bioremediation treatment (with water wash for L3 and L4) 
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  Table 4.13 ANOVA for F2 fraction reduction in bioremediation experiments with drill cuttings (water 
wash) 
Source DF Adj SS Adj MS F-Value P-Value 
Rhamnolipid Amount 3 61.60 20.533 2.97 0.136 
Sawdust 3 99.22 33.075 4.78 0.062 
Nutrient 3 60.59 20.198 2.92 0.139 
Treatment Method 1 22.63 22.629 3.27 0.130 
Residual Error 5 34.57 6.914 
  Total 15 278.62       
 
The changes in the optimal parameters for PHC reduction was quite distinct in the F2 
fraction when the main effects graph was plotted for rhamnolipid wash of level 3 and 4. This is 
presented in Figure 4.16. The optimal conditions were: rhamnolipid amount = 2.125 mg, 
sawdust = none, nutrient C:N:P:K = 100:10:1:1 and treatment method = two-step. 
The patterns of the four factors were similar when comparing the TPH degradation with 
rhamnolipid wash and F2 degradation with rhamnolipid wash. The response of F2 degradation 
for some of the levels was slightly different. With rhamnolipid amount parameter, the S/N ratio 
increased with increase in the rhamnolipid amount from 12.5 mg to 50 mg (i.e., level 3 to level 
4); however, the increase was not as large as the increase observed for TPH reduction, thus 
making 2.125 mg the optimum level in F2 degradation. 
 Sawdust also showed largely similar pattern except between level 3 and level 4 (i.e., 
4% and 6%). For F2 fraction, increase in sawdust percentage from 4% to 6% resulted in a 
decrease in F2 degradation; while for TPH degradation, the S/N ratio increased slightly when 
sawdust was increased to 6% (i.e., level 4). For the nutrient parameter, increase in the nutrient 
C:N:P:K ratio from 0 to 100:10:1:1 (i.e., level 1 to level 3) resulted in an increase in S/N ratio, 
subsequent increase to 100:14:2:2 (i.e., level 4) led to a decrease in S/N ratio and thus, a 
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decrease in F2 degradation. The last parameter- treatment method showed the same response as 
observed in TPH degradation. 
The ANOVA result presented in Table 4.14 revealed that three parameters- 
rhamnolipid amount, treatment method and sawdust significantly affected biodegradation of F2 
fraction. The interaction plots for the three significant parameters are presented in Figure 4.17.  
 
Figure 4.16 Main effects of test parameters on F2 fraction biodegradation in drill cuttings through 
bioremediation treatment (with rhamnolipid wash for L3 and L4) 
 
 
Table 4.14 ANOVA for F2 fraction reduction in bioremediation experiments with drill cuttings 
(rhamnolipid wash) 
Source DF Adj SS Adj MS F-Value P-Value 
Rhamnolipid Amount 3 43.40 14.466 5.55 0.048 
Sawdust 3 57.40 19.132 7.34 0.028 
Nutrient 3 35.69 11.895 4.56 0.068 
Treatment Method 1 31.00 30.998 11.89 0.018 
Residual Error 5 13.03 2.607 
  Total 15 180.51       
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     (a) 
     (b) 
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Figure 4.17 Interaction of significant parameters on F2 fraction biodegradation in drill cuttings with 
rhamnolipid wash for L3 and L4: (a) interaction of treatment method and sawdust; (b) interaction of 
rhamnolipid amount and sawdust; (c) interaction of treatment method and rhamnolipid amount 
 
 
Figure 4.18 presents the main effect plots for the degradation of F3 fraction. The 
pattern for F3 degradation was different from TPH degradation for sawdust and rhamnolipid 
amount parameters, but similar for nutrient and treatment method. For rhamnolipid amount, 
S/N ratio increased overall with an increase in rhamnolipid amount from level 1 to level 4, 
although, there was a slight decrease in F3 fraction degradation between level 2 and level 3 
(i.e., 2.125 mg to 12.5 mg). The S/N ratio increased with increase in sawdust from 0% to 6% 
(i.e., level 1 to level 4). Although the enhancement of F3 degradation with an increase from 
level 3 to level 4 (i.e., 4% to 6%) was not substantial. 
The ANOVA results presented in Table 4.15 indicates that none of the parameters have 
a significant effect on degradation of F3 fraction. Figure 4.18 also shows the optimal 
     (c) 
156 
 
conditions for biodegradation of F3 fraction. The optimal conditions were: rhamnolipid amount 
= 50 mg, sawdust = 6%, nutrient C:N:P:K = 100:10:1:1 and treatment method = two-step.  
 
Figure 4.18 Main effects of test parameters on F3 fraction biodegradation in drill cuttings through 
bioremediation treatment (with water wash for L3 and L4) 
 
 
Table 4.15 ANOVA for F3 fraction reduction in bioremediation experiments with drill cuttings (water 
wash) 
Source DF Adj SS Adj MS F-Value P-Value 
Rhamnolipid Amount 3 122.1 40.69 0.17 0.915 
Sawdust 3 350.0 116.65 0.48 0.713 
Nutrient 3 418.2 139.39 0.57 0.660 
Treatment Method 1 1247.3 1247.29 5.09 0.074 
Residual Error 5 1226.3 245.25 
  Total 15 3363.8       
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Results for main effects on F3 degradation with rhamnolipid wash for Experiment Nos. 
3 & 4 are presented in Figure 4.19. As opposed to TPH and F2 fraction in which the main 
effects on degradation differed between water wash and rhamnolipid wash, for F3 fraction, the 
main effects of the rhamnolipid amount, sawdust and treatment method on F3 degradation for 
both rhamnolipid wash and water wash were similar. The patterns for the S/N ratio for the 
three parameters were similar. The S/N ratio pattern for effect of nutrient on F3 degradation in 
rhamnolipid wash was different. The S/N ratio decreased from level 2 to level 3 (i.e., 100:4:1:1 
to 100:10:1:1), but increased slightly with increase to level 4 (100:14:2:2). This difference also 
reflected in a difference in the optimum nutrient level for F3 degradation with rhamnolipid 
washing. With rhamnolipid washing, the optimum level for nutrient was a C:N:P:K ratio of 
100:4:1:1. The optimum levels for the other parameters were the same as that of water wash. 
(Rhamnolipid amount = 50 mg, sawdust = 6%, treatment method = two-step).  
The ANOVA results are presented in Table 4.16. The results indicated that none of the 
test parameters had a significant effect on degradation of F3 fraction with rhamnolipid wash 
for Experiment Nos. 3. & 4. 
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Figure 4.19 Main effects of test parameters on F3 fraction biodegradation in drill cuttings through 
bioremediation treatment (with rhamnolipid wash for L3 and L4) 
 
 
Table 4.16 ANOVA for F3 fraction reduction in bioremediation experiments with drill cuttings 
(rhamnolipid wash) 
Source DF Adj SS Adj MS F-Value P-Value 
Rhamnolipid Amount 3 751.0 250.33 2.43 0.181 
Sawdust 3 195.9 65.28 0.63 0.625 
Nutrient 3 316.1 105.35 1.02 0.457 
Treatment Method 1 505.8 505.81 4.90 0.078 
Residual Error 5 515.7 103.15 
  Total 15 2284.4       
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4.3.4 Petroleum hydrocarbon degradation in petroleum-contaminated soils 
Figure 4.20 shows the results of TPH, F2, and F3 fraction reduction in petroleum-
contaminated soils. The extent of degradation was high for all the experimental levels. At the 
end of 50 days, PHC reduction recorded in PCS ranged between 83.1% and 94.9% for TPH. 
Highest reduction in TPH was observed in L14 (Rhamnolipid amount = 50 mg, sawdust = 2%, 
nutrients C:N:P:K = 100:10:1:1, treatment method = two-step). The lowest TPH reduction was 
recorded in L11 (Rhamnolipid amount = 12.5 mg, sawdust = 4%, nutrients C:N:P:K = none, 
treatment method = two-step). 
For F2 fraction, PHC reduction was remarkably high in all the experimental levels. 
Lowest reduction for F2 was 94.6 % at L11, same as TPH. The highest reduction for the F2 
fraction was 98.8% at L2 with parameters: rhamnolipid amount = none, sawdust = 2%, 
nutrients C:N:P:K = 100:4:1:1, treatment method = integrated. Reductions observed in F3 
fraction were similar to TPH, with the lowest reduction recorded at 78.6% at L11, same as 
TPH. 94.0% was the highest reduction in F3 fraction at L14, same as TPH.  
The reduction of petroleum hydrocarbons expressed in percentages is listed in Table 
4.17 for TPH, F2 and F3 fractions. The degradation rate constant and the S/N ratio for all 
experimental levels in the orthogonal array are also listed in Table 4.17. Table 4.18 lists the 
initial petroleum hydrocarbon concentration in PCS before bioremediation treatment and the 
residual petroleum hydrocarbon concentrations after treatment for TPH, and fractions F2 and 
F3. 
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Figure 4.20 Total petroleum hydrocarbon and hydrocarbon fractions reduction in petroleum-contaminated soil through bioremediation experiments 
(Error bars indicate standard deviations) 
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Residual hydrocarbon concentrations in PCS are presented in Figure 4.21. The range of 
residual concentrations in the samples are F2 = 35 ‒ 155 mg kg-1, F3 = 442 ‒ 1,577 mg kg-1 
and TPH = 526 ‒ 1,732 mg kg-1. When the lowest residual concentration in the samples is 
compared to CCME PHC CWS coarse-grained soil standards in Table 3.2, F2 fraction is below 
the standards for all categories of land use. For F3 fraction, the lowest residual concentrations 
observed in the samples exceeded standards for agricultural and residential/parkland land use, 
and below the standards for commercial and industrial land use. 
When comparison of the highest residual concentration in the samples and the CCME 
PHC CWS coarse-grained soil standards in Table 3.2, is made, F2 fraction is below standards 
for commercial and industrial land use, and slightly above the standard for agricultural and 
residential/parkland land use at 155 mg kg-1 against a standard of 150 mg kg-1. However, for F3 
fraction, while the values were below standards for commercial and industrial land use, they 
were considerably higher than the standards for agricultural and residential/parkland land use 
at 1,577 mg kg-1 against a standard of 300 mg kg-1. 
The results of residual concentrations in PCS after bioremediation treatment were 
compared to BC CSR standards in Table 3.3. The highest residual concentration for F2 fraction 
falls below the stipulated standards for LEPHs for all land use types. The lowest residual 
concentration recorded for F3 fraction falls below the stipulated standards for HEPHs for all 
land use types. The maximum residual concentration recorded for F3 fraction exceeded the 
stipulated standards for HEPHs for all land uses except commercial and industrial in protection 
of human and ecological health. F3 fraction also falls below HEPHs standards for ‘residential 
high density’ in protection of ecological health. This comparison also shows that according to 
BC regulations, bioremediation is an effective PHC remediation method.
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Figure 4.21 Residual concentration of petroleum hydrocarbon in petroleum-contaminated soil after bioremediation experiments (Error bars indicate 
standard deviations, IPH = Initial petroleum hydrocarbon) 
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Table 4.17 Petroleum hydrocarbon reduction and degradation rate constant for total petroleum hydrocarbon (TPH), F2 and F3 fractions in petroleum-
contaminated soil after bioremediation treatment 
Experiment  Rhamnolipid  Sawdust Nutrients Treatment   PHC Reduction (%)   
Degradation Rate Constant  
(d-1)   S/N Ratios 
No. 
Amount 
(mg) (%, w/w) (C:N:P:K) Method   TPH F2 F3   TPH F2 F3   TPH F2 F3 
L1 None None None Integrated 
 
85.7 97.8 80.9 
 
0.0389 0.0763 0.0331 
 
38.66 39.81 38.16 
L2 None 2 100:4:1:1 Integrated 
 
94.0 98.8 92.1 
 
0.0562 0.0880 0.0508 
 
39.46 39.89 39.28 
L3 None 4 100:10:1:1 Two-step 
 
94.1 97.4 92.8 
 
0.0565 0.0730 0.0525 
 
39.47 39.77 39.35 
L4 None 6 100:14:2:2 Two-step 
 
92.6 95.9 91.3 
 
0.0521 0.0640 0.0488 
 
39.33 39.64 39.21 
L5 2.125 None 100:4:1:1 Two-step 
 
93.5 96.0 92.4 
 
0.0545 0.0645 0.0516 
 
39.41 39.65 39.32 
L6 2.125 2 None Two-step 
 
84.9 95.2 80.8 
 
0.0378 0.0609 0.0330 
 
38.57 39.58 38.15 
L7 2.125 4 100:14:2:2 Integrated 
 
93.8 96.8 92.6 
 
0.0555 0.0690 0.0519 
 
39.44 39.72 39.33 
L8 2.125 6 100:10:1:1 Integrated 
 
93.5 96.7 92.2 
 
0.0545 0.0681 0.0510 
 
39.41 39.71 39.29 
L9 12.5 None 100:10:1:1 Integrated 
 
93.2 96.5 92.0 
 
0.0539 0.0673 0.0504 
 
39.39 39.69 39.27 
L10 12.5 2 100:14:2:2 Integrated 
 
93.0 97.0 91.5 
 
0.0533 0.0700 0.0493 
 
39.37 39.73 39.23 
L11 12.5 4 None Two-step 
 
83.1 94.6 78.6 
 
0.0355 0.0584 0.0308 
 
38.39 39.52 37.90 
L12 12.5 6 100:4:1:1 Two-step 
 
93.9 96.0 93.1 
 
0.0561 0.0643 0.0536 
 
39.46 39.64 39.38 
L13 50 None 100:14:2:2 Two-step 
 
93.0 96.7 91.6 
 
0.0533 0.0679 0.0495 
 
39.37 39.70 39.24 
L14 50 2 100:10:1:1 Two-step 
 
94.9 97.1 94.0 
 
0.0594 0.0709 0.0562 
 
39.54 39.74 39.46 
L15 50 4 100:4:1:1 Integrated 
 
94.0 97.0 92.9 
 
0.0564 0.0699 0.0528 
 
39.47 39.73 39.36 
L16 50 6 None Integrated   85.8 96.7 81.5   0.0390 0.0683 0.0337   38.67 39.71 38.22 
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Table 4.18 Initial petroleum hydrocarbon concentration and residual petroleum hydrocarbon 
concentration in petroleum-contaminated soil after bioremediation treatment 
Initial petroleum hydrocarbon concentration in petroleum-contaminated 
soil (mg kg-1) 
 
TPH SD for TPH F2 SD for F2 F3 SD for F3 
 10241 245 2887 134 7354 140 
 Residual petroleum hydrocarbon in petroleum-contaminated soil after 
bioremediation treatment (mg kg-1) 
 
TPH SD for TPH F2 SD for F2 F3 SD for F3 
L1 1468 78 64 11 1404 71 
L2 617 58 35 21 581 75 
L3 608 13 75 48 532 41 
L4 758 49 117 10 641 40 
L5 671 22 115 26 556 11 
L6 1550 41 137 13 1413 34 
L7 640 55 92 4 548 51 
L8 671 36 96 2 574 36 
L9 692 10 100 12 592 4 
L10 714 48 87 9 626 51 
L11 1732 56 155 35 1577 51 
L12 621 82 116 36 505 53 
L13 715 3 97 8 618 5 
L14 526 14 84 11 442 24 
L15 611 18 88 12 524 8 
L16 1457 58 95 7 1362 63 
       SD = Standard deviation 
4.3.4.1 Total petroleum hydrocarbon (TPH) degradation in petroleum-contaminated soil  
The main effects plot of the parameters tested on the degradation of TPH is presented in 
Figure 4.22. With the increase in rhamnolipid amount from 0 to 12.5 mg (i.e., level 1 to level 
3), the S/N ratio decreased. When rhamnolipid amount was increased to 50 mg (i.e., level 4), 
the pattern changed as the S/N ratio increased. With the increase in sawdust from 0% to 2% 
(i.e., level 1 to level 2), the S/N ratio increased, but the S/N ratio subsequently dropped when 
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sawdust was increased to 4% (i.e., level 3). With increase in sawdust to 6% (i.e., level 4), it 
was observed that the S/N ratio increased. The S/N ratio decreased with a change in the 
treatment method from level 1 to level 2 (i.e., integrated to two-step); although only a slight 
difference is observed in the S/N ratio of the two levels. For three parameters: rhamnolipid 
amount, sawdust and treatment method, it is observed that the changes in the S/N ratios are 
narrow, indicating that changing from one level to the next did not distinctly impact TPH 
degradation in PCS. The greater change was observed in nutrients. When the C:N:P:K ratio 
increased from 0 to 100:4:1:1 (i.e., level 1 to level 2), there was a distinct change in the S/N 
ratio indicating a significant enhancement of TPH degradation in PCS. Increasing the C:N:P:K 
ratio to 100:10:1:1 (i.e., level 3) resulted in a slight increase in S/N ratio. However, when the 
C:N:P:K ratio increased from 100:10:1:1 to 100:14:2:2 (i.e., level 3 to level 4), the S/N ratio 
decreased, an indication that at the highest nutrient level, degradation of TPH in PCS 
decreased. The main effect plot of nutrients indicates that the maximum degradation of TPH in 
the bioremediation treatment was obtained when the nutrient C:N:P:K ratio was 100:10:1:1. 
The optimal bioremediation parameters for biodegradation treatment of PCS based on 
TPH reduction observed is also presented in Figure 4.22. The optimal conditions were: 
Rhamnolipid amount = 50 mg, Sawdust = 2%, Nutrient C:N:P:K ratio = 100:10:1:1 and 
Treatment Method = Integrated.  
  The results of ANOVA presented in Table 4.19 confirm the significant effect of the 
nutrient parameter on biodegradation of TPH through the bioremediation treatment with a p-
value of 0.000 at a significance level of p ≤ 0.005. The significance of the nutrient parameter is 
attributed to the presence of indigenous hydrocarbon-degrading microorganisms (HDMs) in 
PCS. Biostimulation by addition of nutrients stimulated the growth of the HDMs thereby 
enhancing their biodegradation activities which led to high TPH reductions in PCS. The 
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interaction plots of the parameters on TPH degradation of petroleum-contaminated soil are 
shown in Figure 4.23. 
 
Figure 4.22 Main effects of test parameters on total petroleum hydrocarbon biodegradation in 
petroleum-contaminated soil through bioremediation treatment with water wash for L3 and L4 
 
Table 4.19 ANOVA for total petroleum hydrocarbon reduction in bioremediation experiments with 
petroleum-contaminated soil (water wash) 
Source 
DF Adj SS Adj MS F-Value P-Value 
Rhamnolipid Amount 3 2.540 0.8465 1.18 0.406 
Sawdust 3 0.439 0.1462 0.20 0.890 
Nutrient 3 232.455 77.4851 107.95 0.000 
Treatment Method 1 0.581 0.5807 0.81 0.410 
Residual Error 5 3.589 0.7178 
  Total 15 239.603       
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Figure 4.23 Interaction of factors on total petroleum hydrocarbon biodegradation in petroleum-
contaminated soil through water wash: (a) interaction of treatment method and rhamnolipid amount; (b) 
interaction of treatment method and nutrients; (c) interaction of rhamnolipid amount and nutrients 
 
To depict the effect of rhamnolipid wash, the main effects graph was plotted with data 
stated in L19 and L20 for levels 3 and 4 and shown in Figure 4.24. Interestingly, the optimum 
parameters were the same for both rhamnolipid wash and water wash. The optimal conditions 
were: rhamnolipid amount = 50 mg, sawdust = 2%, nutrient C:N:P:K = 100:10:1:1 and 
treatment method = integrated. This optimal condition are different from what was observed 
for drill cuttings, in which the optimal biodegradation conditions changed between the 
rhamnolipid wash and water wash for L3 and L4. 
The pattern of changes in the S/N ratio for all the parameters and their levels were 
similar for both rhamnolipid wash and water wash. Based on ANOVA results presented in 
     (c) 
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Table 4.20, the significant parameter was similarly nutrient with a p-value of 0.000 at a 
significance level of p ≤ 0.005. 
 
Figure 4.24 Main effects of test parameters on total petroleum hydrocarbon biodegradation in 
petroleum-contaminated soil through bioremediation treatment with rhamnolipid wash for L3 and L4 
 
Table 4.20 ANOVA for total petroleum hydrocarbon reduction in bioremediation experiments with 
petroleum-contaminated soil (rhamnolipid wash) 
Source DF Adj SS Adj MS F-Value P-Value 
Rhamnolipid Amount 3 2.913 0.9710 1.58 0.305 
Sawdust 3 0.540 0.1801 0.29 0.829 
Nutrient 3 235.399 78.4663 127.82 0.000 
Treatment Method 1 0.310 0.3103 0.51 0.509 
Residual Error 5 3.069 0.6139 
  Total 15         
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4.3.4.2 F2 and F3 fraction degradation in petroleum-contaminated soil 
Figure 4.25 presents the main effect plot for the biodegradation of F2 fraction in 
petroleum-contaminated soil. The patterns of the change in S/N ratio for all parameters are 
similar to the patterns observed in Figure 4.22 for the degradation of TPH except for sawdust. 
However, the degree of change in the S/N ratio with the change from one parameter level to 
the next is distinctive in the F2 degradation. S/N ratio increased with increase in sawdust from 
0 to 2% (i.e., level 1 to level 2). When sawdust was increased to 4% (i.e., level 3), the S/N ratio 
decreased. The S/N ratio further decreased when sawdust was increased to 6% (i.e., level 4). 
The optimum nutrient ratio was observed to be 100:10:1:1, however, the difference in S/N ratio 
with increase in nutrient ratio from 100:4:1:1 to 100:10:1:1 (i.e., level 2 to level 3) is quite 
small, with no distinctive effect on F2 degradation. S/N ratio at 100:4:1:1 and 100:10:1:1 are 
39.7285 and 39.7287 respectively.  
A great change is observed in the S/N ratio with the increase of the rhamnolipid amount 
from 0 to 2.125 mg (i.e., level 1 to level 2). The S/N ratio decreased when the rhamnolipid 
amount was increased to 2.125 mg (i.e., level 2) and 12.5 mg (i.e., level 3). A similar change in 
the S/N ratio is also observed with the change in the treatment method from integrated to two-
step. The S/N ratio decreased when the treatment method was changed to two-step. This 
indicates that these two parameters have a significant impact on the degradation of F2 fraction 
of PCS. Interaction plot for F2 degradation is shown in Figure 4.26. As shown in Figure 4.25, 
the best biodegradation of F2 fraction was achieved with rhamnolipid amount = none, sawdust 
= 2%, Nutrient C:N:P:K = 100:10:1:1 and treatment method = integrated.  
 ANOVA results presented in Table 4.21 verified rhamnolipid amount and treatment 
method as the two most significant parameters on the F2 degradation of PCS.  
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Figure 4.25 Main effects of test parameters on F2 fraction biodegradation in petroleum-contaminated 
soil through bioremediation treatment with water wash for L3 and L4 
 
Table 4.21 ANOVA for F2 fraction reduction in bioremediation experiments with petroleum-
contaminated soil (water wash) 
Source DF Adj SS Adj MS F-Value P-Value 
Rhamnolipid Amount 3 5.268 1.7558 5.39 0.050 
Sawdust 3 1.170 0.3901 1.20 0.400 
Nutrient 3 1.906 0.6352 1.95 0.240 
Treatment Method 1 4.329 4.3288 13.28 0.015 
Residual Error 5 1.630 0.3260 
  Total 15         
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Figure 4.26 Interaction of factors on F2 fraction biodegradation in petroleum-contaminated soil with 
water wash for L3 and L4: (a) interaction of treatment method and rhamnolipid amount; (b) interaction 
of treatment method and nutrients; (c) interaction of rhamnolipid amount and nutrients 
 
Figure 4.27 and Figure 4.28 shows the main effect plot and interaction plots of F3 
degradation of PCS respectively. The patterns of S/N ratio change for the parameters are 
similar to TPH except for a slight difference in rhamnolipid amount. S/N ratio decreased with 
increase in rhamnolipid amount from 0 to 2.125 mg (i.e., level 1 to level 2) in F3 degradation, 
while in TPH and F2 degradation, the increase in rhamnolipid amount to level 2 (i.e., 2.125 
mg) resulted in a decrease in S/N ratio. As shown in Figure 4.27, the best biodegradation of F3 
fraction was achieved with rhamnolipid amount = 50 mg, sawdust = 2%, nutrient C:N:P:K = 
100:10:1:1 and treatment method = integrated. The optimum conditions for all the parameters 
are the same for the biodegradation of TPH and F3 fraction. The only difference observed in 
     (c) 
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the optimum conditions was the rhamnolipid amount in F2 fraction. The optimum condition for 
rhamnolipid amount for F2 degradation was 0, but 50 mg for TPH and F3 degradation. 
 Similar to TPH degradation, the only significant factor in F3 degradation was observed 
to be nutrients. ANOVA results for F3 degradation are presented in Table 4.22. 
 
Figure 4.27 Main effects of test parameters on F3 fraction biodegradation in petroleum-contaminated 
soil through bioremediation treatment with water wash for L3 and L4 
 
Table 4.22 ANOVA for F3 fraction reduction in bioremediation experiments with petroleum-
contaminated soil (water wash) 
 
Source DF Adj SS Adj MS F-Value P-Value 
Rhamnolipid Amount 3 3.013 1.004 0.92 0.496 
Sawdust 3 0.498 0.166 0.15 0.924 
Nutrient 3 429.405 143.135 130.86 0.000 
Treatment Method 1 0.061 0.061 0.06 0.823 
Residual Error 5 5.469 1.094 
  Total 15 438.446       
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Figure 4.28 Interaction of factors on F3 fraction biodegradation in petroleum-contaminated soil with 
water wash for L3 and L4: (a) interaction of treatment method and rhamnolipid amount; (b) interaction 
of treatment method and nutrients; (c) interaction of rhamnolipid amount and nutrients 
 
4.3.5 Rate of biodegradation 
The results of the rate of biodegradation of TPH, F2 and F3 fraction are presented in 
Table 4.9 and Table 4.17.  
Drill cuttings 
The first-order biodegradation rate constant for TPH over 50 days was calculated as 
0.019 d-1 and 0.035 d-1 for the minimum and maximum TPH reduction observed. For F2 
fraction, the first-order biodegradation rate constant ranged from 0.031 d-1 to 0.060 d-1. First-
order biodegradation rate constant for F3 fraction ranged between 0.0012 d-1 and 0.018 d-1. 
 
 
     (c) 
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Petroleum-contaminated soil  
The first-order biodegradation rate constant for TPH over 50 d was calculated as 0.036 
d-1 and 0.059 d-1 for the minimum and maximum TPH reduction observed. For F2 fraction, the 
first-order biodegradation rate constant ranged from 0.058 d-1 to 0.088 d-1. First-order 
biodegradation rate constant for F3 fraction ranged between 0.031 d-1 and 0.056 d-1. 
The rates observed from the results of this study for PCS are within the range of what is 
reported in the literature for TPH degradation. Qiao et al. (2014) recorded 0.0298 d-1 to 0.0504 
d-1 for TPH biodegradation for contaminated oilfield soil over 90 d treatment period. Smith et 
al. (2015) reported rates that were slightly higher than rates observed in this study for PCS. 
Smith et al. (2015) observed a first-order degradation rate of 0.066 d-1 to 0.073 d-1 for bioslurry 
treatment. 
Chang et al. (2010) reported biodegradation rates for F2 and F3 fraction. First-order 
degradation rate constant of 0.024 d-1 and 0.019 d-1 was observed for F2 and F3 fraction 
respectively over 60 d for petroleum-contaminated soil. For F2 fraction, the rates observed 
from the results of this study for PCS and drill cuttings are markedly higher than the rates 
reported by Chang et al. (2010). However, for F3 fraction, while PCS rates are also markedly 
higher than the rate reported by the author for F3 fraction, the rates from this study for drill 
cuttings are within the range reported by Chang et al. (2010). 
While the rates reported for drill cuttings TPH degradation were lower than the rate of 
degradation of PCS, the rates are markedly higher than those reported by Ebadi et al. (2017). 
Ebadi et al. (2017) reported first order biodegradation rate constant ranging from 0.002 d-1 to 
0.0054 d-1 for the various treatments employed on crude oil contaminated soil over 120 d. 
The rate of degradation of PCS is within the range of rates reported by Smith et al. 
(2015) and Akbari and Ghoshal (2014). According to Akbari and Ghoshal (2014), TPH 
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biodegradation over 365 d was 0.01 d-1. Smith et al. (2015) observed a first-order degradation 
rate of 0.011 d-1 to 0.037 d-1 for biopile treatment. 
4.3.6 Comparison of petroleum hydrocarbon reduction in drill cuttings and petroleum-
contaminated soil 
Despite the use of similar conditions for the bioremediation treatment of both samples 
(drill cuttings and petroleum-contaminated soil (PCS)), the biodegradation efficiency of the 
samples was widely variable. Bioremediation treatment of PCS that combined rhamnolipid 
washing and biodegradation treatment gave TPH, F2 and F3 fraction levels that were below the 
standards stipulated by CCME. PHC levels in drill cuttings on the hand were higher than 
CCME standards. The low degradation observed in F3 fraction of drill cuttings impacted the 
total PHC degradation. F3 fractions are recalcitrant and not as readily bioavailable as the F2 
fraction.  
Three factors that may have contributed to the higher residual concentrations in drill 
cuttings are the absence of hydrocarbon-degrading microorganisms (HDMs) in the samples, 
high initial TPH concentration and low biodegradation rate of the longer chain hydrocarbons. 
With the absence of hydrocarbon degraders in drill cuttings, the observed biodegradation could 
be attributed to the hydrocarbon-degrading microorganisms in the seeding soil. 
According to Trellu et al. (2016), when the same biosurfactant is used, the 
biodegradation effectiveness can differ as a result of the difference in microorganisms. A 
difference in microorganisms is a very likely situation based on hydrocarbon-degrading 
microorganisms results presented in Table 4.8. From the results observed, bioaugmentation of 
drill cuttings resulted in TPH reduction, although lower than the PHC reduction recorded in 
PCS. The seeding soil was confirmed to have hydrocarbon-degrading microorganisms, but, 
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PCS has the added advantage of indigenous microorganisms that were already adapted to the 
soil. Higher degradation rates are observed in PCS due to the presence of indigenous 
microorganisms and the subsequent addition of non-native microorganisms. Microbial 
consortium due to bioaugmentation using the seeding soil may not have fully adapted to the 
environment in the drill cuttings.  
Although it has been reported that rate of bioremediation will not be significant when 
microorganisms capable of degrading contaminant is lower than 1 x 105 CFU per gram of soil 
(Liu et al., 2010), results observed in the present thesis from bioremediation of PCS with initial 
CFU counts as reported in Table 4.8 showed otherwise. Significant TPH reductions were 
observed for all experimental levels tested despite the CFU per gram of soil being lower than 1 
x 105. 
Meyer et al. (2014) stated that exogenous microorganisms introduced in 
bioaugmentation may not readily adapt to the environment as would be expected from 
indigenous microorganisms. The exogenous microorganisms may also compete with the 
autochthonous microorganisms who may already be hydrocarbon degraders. This second 
possibility we suspect does not apply to drill cuttings; however, hydrocarbon-degrading 
microorganisms (HDMs) in the seeding soil may not have competed favorably with the 
heterotrophic microbial consortium that we suspect will be present in drill cuttings, even 
though they are not HDMs.  Results from plating drill cuttings on Bushnell Haas agar (BHA) 
with crude oil and diesel as the carbon source, confirmed the lack of HDMs. Leahy and 
Colwell (1990) and Atlas (1981) suggested that the rate of hydrocarbon degradation can be 
increased if the microbial communities are exposed to the hydrocarbons prior to treatment as 
this would allow the microorganisms adapt to the new conditions. 
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4.3.7 Comparison of F2 and F3 fraction reduction in drill cuttings and petroleum-
contaminated soil 
It was observed from Figure 4.8 and Figure 4.21 and the rate of biodegradation reported 
in Section 4.3.5, that F2 fraction degradation was considerably faster and greater than the 
degradation of F3 fraction. Drill cuttings recorded F3 degradation as low as 5.7% in the 
experiment that had no nutrient addition, no rhamnolipid, no sawdust or washing step involved, 
despite the bioaugmentation with seeding soil (Experiment No.1 or L1). The PCS, on the other 
hand, had better results for F3 fraction; however, the minimum reduction recorded for F3 
fraction at 78.6% was markedly lower than the minimum F2 fraction reduction at 94.6%. 
Overall, F2 fraction had significantly higher rate and extent of degradation with maximum 
values recorded as 94.9% in drill cuttings and 98.8% in PCS. 
From the results, longer chain hydrocarbons (F3 fraction) showed low PHC reduction. 
Similar results were reported by Smith et al. (2015); the percentage of TPH degradation in the 
longer chain hydrocarbons was markedly lower than the shorter chain hydrocarbons. Rahman 
et al. (2003) observed that the rate of degradation of contaminants in a bioremediation 
experiment after 56 d differed because of the carbon length of the hydrocarbons. Similar to 
biostimulation by nutrient and rhamnolipid addition and bioaugmentation by seeding soil 
applied in this present research, microbial consortium, rhamnolipid biosurfactant, and nutrients 
were added to their biodegradation experiments, and the results indicated that as the length of 
the carbon chain increased, the rate of biodegradation reduced (Rahman et al., 2003). 
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4.3.8 Optimal conditions for bioremediation treatment in drill cuttings and petroleum-
contaminated soil 
4.3.8.1 Rhamnolipid amount 
PHC degradation in drill cuttings and PCS gave different results. However, a similar 
trend was observed in the optimum rhamnolipid amount added to the samples to improve the 
rate of biodegradation. For drill cuttings, optimum rhamnolipid observed are none, none and 50 
mg for TPH, F2 fraction, and F3 fraction respectively. 
 For PCS, optimum rhamnolipid observed are 50 mg, none, and 50 mg for TPH, F2 
fraction, and F3 fraction respectively. The optimum rhamnolipid amount reported for TPH is 
influenced by the F2 fraction that showed the highest reduction in drill cuttings. In PCS, the 
residual concentration of TPH (1,732 mg kg -1) is largely attributed to the F3 fraction (1,577 
mg kg-1), hence the reason why the optimum rhamnolipid amount for F3 fraction reflects as the 
optimum rhamnolipid amount for TPH. 
F3 fractions required a high rhamnolipid amount to enhance the extent and rate of 
biodegradation. F2 fractions recorded optimum biodegradation at no addition of rhamnolipid 
amount. Mariano et al. (2007) and Diplock et al. (2009) reports that light hydrocarbon fractions 
are more bioavailable to microorganisms and also exhibit greater rates of degradation. The F2 
fraction is also more volatile, with additional PHC loss recorded due to volatilization of the 
lighter fractions.  
 Bioavailability of hydrocarbons reduces with the consumption of labile hydrocarbon 
sources. With the biodegradation of lower molecular weight hydrocarbons, microorganisms 
adapt to the hydrocarbons with higher molecular weight, the recalcitrant sources (Mariano et 
al., 2007). With these recalcitrant sources, biosurfactants are required to enhance their 
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bioavailability. The results support this as the optimum rhamnolipid amount observed for F3 
fraction was 50 mg. According to Andualem (2015), just the right amount of surfactant would 
be required in a biodegradation treatment to make the carbon source bioavailable in the system 
to kick-start the microbial consortium.  
Chaprão et al. (2015) recorded a 10% increase in biodegradation rate with the addition 
of biosurfactants. Oberbremer et al. (1990) reported that the rate of biodegradation of 
hydrocarbon doubled with the addition of biosurfactant. In the absence of biosurfactant, 81% 
hydrocarbon degradation was recorded in 114 h while in the presence of biosurfactant, an 
higher degradation rate of 90% was recorded in a shorter time- 79 h. 
This experimental parameter (rhamnolipid amount) focused on assessing the optimum 
concentration of rhamnolipid relative to the moisture content in the soil. In phase 1 of the 
thesis, optimum concentration for biosurfactant washing for TPH reduction was observed at 
500 mg L-1 for both drill cuttings and PCS. However, the optimum solution to sample ratio for 
drill cuttings and PCS were 1:1 (5 mL) and 4:1 (20 mL) respectively. Thus, the effective 
biosurfactant concentration was fundamentally different. The ‘effective concentration’ in 1 g of 
sample which is represented in this thesis as rhamnolipid amount for drill cuttings and PCS 
based on results from Phase 1 were 0.5 mg and 2 mg of rhamnolipid respectively. 
Based on the above, rhamnolipid amount added in the biodegradation experiment was 
relative to the moisture content of each sample at the start of the experiment (20%). Therefore, 
the effective concentration in both sample type was the same. Hence, 50 mg reported as the 
optimum rhamnolipid amount in F3 fractions for both drill cuttings and PCS is the same 
amount of rhamnolipid added into the samples for biodegradation. While Szulc et al. (2014) 
expressed caution about extrapolated bioremediation results because there is no universal 
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treatment method, we opine that reporting the rhamnolipid amount relative to the moisture 
content gives more confidence when results from bench-scale experiments are conducted prior 
to field applications for the same soils. Furthermore, the importance of studying the effective 
concentration of biosurfactant is the direct implication it has on remediation time and cost 
(Zhou et al., 2013). 
Zhou et al. (2013) alluded to the effective concentration of surfactants in soils. The 
effective concentration was considered, relative to sorption of surfactants onto soils. An 
interaction which results in the decrease of the effective concentration of surfactants required 
for the solubilization of hydrocarbons in aqueous solution.  
The impact of freshly contaminated soil on the effectiveness of biosurfactants has been 
observed in the literature. The age of contamination and weathering of the samples is a vital 
factor when considering the efficiency of biosurfactant-mediated processes (Szulc et al., 2014; 
Liu et al., 2012). Hydrocarbon bioavailability declines with age (Gogoi et al., 2003). The 
expectation is that the need for application of biosurfactants will differ between freshly 
contaminated samples and weathered samples. This result supports the work of Szulc et al. 
(2014) that evaluated biodegradation of soils freshly contaminated with diesel. Szulc et al. 
(2014) and Liu et al. (2012) found that addition of rhamnolipid had no significant effect on the 
TPH reduction of the samples. However, with aged contaminated soils, the addition of 
rhamnolipids will potentially show a significant difference in PHC degradation.  
Szulc et al. (2014) proposed that the addition of biosurfactants may have stimulated 
bioremediation on the short term, however, long term effects were not observed due to the 
addition of rhamnolipid. In addition, there were no significant differences in the biodegradation 
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rates. The age of fuel contamination was cited as a major factor that impacts the efficiency of 
processes mediated by biosurfactants. 
These results indicate that biosurfactants are only necessary for bioremediation when 
the bioavailability of the contaminant is a concern. Results from this present study also suggest 
that the effect of addition of biosurfactant will not be readily evident with freshly contaminated 
samples. Weathering of soils allows for loss of volatile compounds and loss of aliphatic 
compounds less than C-16 (i.e., Carbon-16) has been reported due to volatilization (Urum et 
al., 2004). Thus, during bioremediation experiment, part of TPH reduction of freshly 
contaminated samples can be attributed to volatilization of the more volatile fractions (Khan et 
al., 2004). 
According to Akbari and Ghoshal (2014), one of the downsides of using freshly spiked 
contaminated soils in laboratory tests of PHC degradation is that the contact time for 
interaction and binding of the hydrocarbons to the soil matrix is limited. As a result, the rate 
and extent of biodegradation may be overestimated because the contaminants are bioavailable.  
4.3.8.2 Treatment method 
Optimum treatment method for drill cuttings was two-step for TPH, F2 and F3 fraction. 
The means for integrated method and two-step method were quite different in drill cuttings as 
per Figure 4.9, Figure 4.15 and Figure 4.18. For PCS, on the other hand, the optimum 
treatment method for TPH, F2 and F3 fraction was the integrated method (Figure 4.22, Figure 
4.25 and Figure 4.27). Although, for TPH and F3 fraction of PCS, the means of integrated 
method and two-step method were quite close. For TPH reduction in PCS, the means of 
integrated method and two-step method were 39.2331 and 39.1933 respectively. For F3 
fraction, the means of integrated method and two-step method were 39.0174 and 39.0003 
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respectively. Interestingly, for PCS, the experimental levels that gave the highest reduction of 
TPH and F3 fraction used the two-step treatment method. For F2 fraction of PCS, on the other 
hand, the optimum treatment method was the integrated method. The experimental level that 
led to the highest reduction of F2 fraction in PCS also employed the integrated method. 
This observed trend in treatment method is attributed to the overall extent of 
degradation recorded in PCS and drill cuttings. For PCS, the rates and extent of degradation 
were entirely high, and with the very close mean values, other biodegradation parameters 
(besides treatment method) had become more significant, such as nutrient for TPH 
degradation, based on the ANOVA results presented in Table 4.19. However, for drill cuttings 
that had high residual concentrations, the trend and impact of the treatment method could be 
better observed. With the two-step method that resulted in highest degradation of TPH in PCS, 
the sample had been subjected to biosurfactant-enhanced soil washing prior to biodegradation. 
Addition of biosurfactant before bioaugmentation to solubilize the hydrocarbons is 
advantageous as it increases the goal of achieving efficient and complete biodegradation 
(Rahman et al., 2003). 
4.3.8.3 Nutrient addition 
From the results presented the optimal C:N:P:K ratio for TPH, F2 and F3 fraction in 
drill cuttings and PCS was 100:10:1:1. We also observed that nutrient was the only significant 
factor for TPH and F3 fraction reduction in PCS. The optimum C:N:P nutrient ratio of 
100:10:1 has been reported by Szulc et al. (2014) for bioremediation of diesel-oil contaminated 
soil, and by Cookson (1995) for bioremediation application. Smith et al. (2015) also reported 
optimum C:N:P nutrient ratio of 100:10:1 for bioremediation of petroleum hydrocarbon-
contaminated soil. 
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4.3.8.4 Sawdust 
The optimal sawdust level for PCS was 2% for TPH, F2 and F3 fraction. Drill cuttings 
had optimal sawdust level of 4% for TPH and F2 fraction, while F3 fraction was 6%. These 
results are attributed to the soil texture of the samples. PCS is largely sand (56.6%), with silt 
and clay making up 40.4% and 3.1% respectively. The high sand percentage in the soil fosters 
aeration, hence the bulking agent required to augment the aeration capacity is low. Drill 
cuttings on the hand have low sand content (22.5%) and higher silt content of 73.8%. Clay 
content in drill cuttings is slightly higher than PCS at 3.7%. With the lower sand percentage in 
drill cuttings, bulking agent became more important as observed with the higher optimal levels 
recorded for drill cuttings.  
In the biodegradation experiment conducted by Yan et al. (2011), the pine sawdust used 
as a bulking agent was 12% w/w. The authors recorded a percentage TPH reduction of 89.7%, 
indicating a reduction from 12,600 mg kg-1 to 2,140 mg kg-1 after 120 days of bioremediation 
treatment. The results from this study show higher TPH reductions for PCS at 93.1%, 
indicating a reduction from 10,240 mg kg-1 to 526 mg kg-1 within 50 d using sawdust of 2% 
w/w. Smith et al. (2015) used washed sand of size <2 mm as a bulking agent at a percentage of 
5%. 
The results from this study indicate that the volume of bulking agent can be minimized. 
Minimizing the volume reduces the associated concerns of increase in the bulkiness of 
contaminated soils with the addition of bulking agents. Alberta Energy Regulator (2016) 
recommends that bulking agents or aeration materials should be less than 10% of drilling waste 
volume. This is due to concerns about increasing bulkiness and volume of contaminated media 
which could result in challenges with site reclamation and/or final disposal of the treated 
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material. Low bulking agent percentages also increases the possibility of reuse of the treated 
media. An additional downside of using huge volumes of bulking agent is that it has the 
potential to exaggerate the extent of hydrocarbon degradation. Samples mixed with bulking 
agents are not very accurate representation of the PHC in samples when sampled for post-
treatment TPH analysis. This is because the addition of bulking agents or aeration materials 
serves as a PHC dilution factor.  
4.3.9 General discussion 
 The effectiveness of soil washing prior to biodegradation has been reported by Yan et al. 
(2011). Khodadadi et al. (2012) reported that soil washing with surfactant solution resulted 
in a higher removal of crude-oil than washing with water only. It is advantageous to 
solubilize hydrocarbons before bioaugmentation (Rahman et al., 2003). Overall, the results 
from this study support previously reported results that the extent of biodegradation, 
particularly for TPH and F3 fraction can be enhanced with biosurfactant washing. Highest 
TPH reduction in PCS and drill cuttings employed the two-step treatment method. Samples 
in this study were spiked with crude oil to determine the effectiveness of PHC degradation. 
This is considered important based on suggestion in the literature for the need for research 
in this area. According to Urum and Pekdemir (2004), the soil washing approach has not 
been exploited for its application in removal of crude oil from contaminated soils, mainly 
due to the complex composition and nature of crude oil. Urum and Pekdemir (2004) further 
emphasized the need for more detailed research with crude oil contamination because the 
physical and chemical properties of crude oil differ from petroleum hydrocarbon.  
 One of the factors that contributed to the biodegradation observed in drill cutting in the 
current study can be attributed to bioaugmentation with seeding soil. Although the extent of 
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biodegradation was lower in drill cuttings, PHC degradation in PCS was relatively higher 
at 94.9 % after 50 days with an initial TPH concentration of 10,241 mg kg-1. PCS was 
confirmed to have HDMs, and was further bioaugmented with the seeding soil. Results 
observed in this study are higher than results reported by Iturbe et al. (2004). Iturbe et al. 
(2004) reported results on biopiles treatment of PHC-contaminated soil using 
autochthonous (indigenous) microorganism. TPH removal rate of 85.2% was recorded after 
66 d from an initial TPH concentration of 4,666 mg kg-1. 
Bioaugmentation is required in bioremediation treatments because while hydrocarbon 
degraders may be present in uncontaminated soil, under normal circumstances, their 
relative abundance is reported as being only marginal, compared to the whole microbial 
population. This marginal abundance results in low rates of biodegradation, and low initial 
potential for biodegradation (Szulc et al., 2014). Bioaugmentation with soil confirmed to 
have HDMs is not only economical, it also confers additional advantages. HDMs that have 
been previously exposed to hydrocarbons will adapt more readily when introduced to 
hydrocarbon-contaminated sites. The bioaugmentation option used in this study also 
reduces the direct competition that is faced when inoculating with microbial consortium. 
Chaprão et al. (2015) recorded biodegradation rates as high as 100% after 90 days for 
biodegradation experiments in the presence of microbial consortium Bacillus sp. Under 
similar conditions, but with the addition of Candida sphaerica, oil biodegradation recorded 
after 90 days was only about 50%.  
 The soil classification has been reported to affect the rate of hydrocarbon reduction The 
extent of hydrocarbon reduction for drill cuttings and PCS were different. Higher reduction 
was observed in PCS than drill cuttings. Drill cuttings was classified as silt loam soil while 
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PCS was classified as sandy loam soil. Van Dyke et al. (1993) reported 10% more 
reduction of hydrocarbon in sandy loam soil than silt loam soil. 
 Despite the limitations enumerated in the literature of extrapolating bench-scale 
experiments to field-scale applications, this does not diminish the importance of laboratory 
experiments in understanding biodegradation. Deshpandea et al. (1999) evaluated three 
contaminated soil systems. They observed that surfactants tested behaved differently for 
the three systems. The authors concluded that this underscores the value of initial bench-
scale testing in surfactant selection for contaminated systems. This observation is supported 
by the results of the present thesis as different TPH and hydrocarbon fraction reduction 
results were obtained for the two samples tested in both biosurfactant washing and 
biodegradation experiments despite using the same treatment conditions. Silva et al. 
(2014b) highlighted the effect of the kind of soil on the extent of PHC removal. Removal 
rates of PHC is affected by the degree of adsorption of contaminant to the soil, vis-a-vis the 
degree to which PHC impregnates the soil particles, interaction between biosurfactants and 
the soil, and permeability of the soil. 
 Field-contaminated samples were used as base samples before spiking with crude oil. 
Using field-contaminated samples was deemed necessary as field-weathered contaminated 
soils are considered to be more difficult to remediate and more complicated when 
compared to soils artificially spiked in the laboratory. Recognizing the effect of field 
contamination in comparison to freshly contaminated laboratory samples is important when 
suggesting treatment methods that will be effective in practical remediation applications for 
hydrocarbon-contaminated soils (Han et al., 2009). In situ bioremediation treatment 
processes still pose a challenging task for removal of contaminants in hydrocarbon-
contaminated sites (Szulc et al., 2014). The above is the rationale for using field samples in 
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the present thesis, as results will potentially contribute to ongoing research on making in 
situ remediation more feasible.  
 This research considered rhamnolipid concentration relative to soil moisture levels. In 
order to accurately understand the effect of rhamnolipid concentrations in comparative 
bench-scale experiments studying success of biosurfactant in bioremediation, this research 
considers the effective concentration as an important factor for consideration. However, 
more information about interactions of biosurfactants with soil based on moisture level 
such as sorption to soil (Cameotra and Bollag, 2003), are required in the determination of 
the effective concentration of biosurfactants required for hydrocarbon solubilization in 
aqueous solution in soils. 
 Overall, the results from this study show promising applications of bioremediation 
regarding soil sustainability over other destructive treatment methods as previously alluded 
by Gomez and Sartaj (2013). High biodegradation rates signify the possible re-use of 
contaminated soils after treatment. 
4.4 Conclusion  
 Bioremediation was investigated for its potential as a combined treatment method with 
rhamnolipid-enhanced soil washing in a bid to achieve maximum rates and extent of 
biodegradation. Furthermore, this study investigated the ability of bioremediation to reduce 
residual concentrations in PCS and drill cuttings to levels below regulatory standards stipulated 
by CCME. Taguchi experimental design was used to investigate the impact of four parameters 
on bioremediation: rhamnolipid amount in the soil, sawdust, nutrient (C:N:P:K) and treatment 
method. The following are conclusions drawn from this study; 
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 Maximum TPH degradation in drill cuttings was recorded at 82.6%. The optimum TPH 
bioremediation treatment conditions were observed as rhamnolipid amount of 0, 
sawdust at 4%, nutrient C:N:P:K at 100:10:1:1 and two-step treatment method. 
 Maximum TPH degradation in PCS was recorded at 94.9%. The optimum TPH 
bioremediation treatment conditions were observed as rhamnolipid amount of 50 mg, 
sawdust at 2%, nutrient C:N:P:K ratio at 100:10:1:1 and integrated treatment method. 
 Treatment method was the most significant factor in TPH biodegradation of drill 
cuttings. This suggests that in the absence of hydrocarbon-degrading microorganisms to 
carry out the biodegradation of hydrocarbons, the effect of soil washing in the reduction 
of hydrocarbon concentrations is higher. Nutrient was the most significant factor in 
TPH biodegradation of petroleum-contaminated soil, at a C:N:P:K ratio of 100:10:1:1. 
 Bioaugmentation with seeding soil was effective in enhancing biodegradation in both 
drill cuttings and PCS. This indicates that this technique of bioaugmentation has 
potentials in bioremediation, as a cheaper and efficient alternative to inoculation with 
pure microbial consortium.  
 Results obtained on optimal rhamnolipid amount levels for PCS and drill cuttings were 
variable. The results were also variable in terms of the hydrocarbon fractions. One of 
the possible factors that contributed to the variable results was the use of freshly 
contaminated soils. To be efficient and effective, rhamnolipids have to function in 
increasing bioavailability of contaminants. The use of biosurfactants when 
contaminants are readily available tends to limit their efficiency. 
 Following bioremediation treatment of PCS, F2 fraction was below the CCME 
standards for all categories of land use. For F3 fraction, the lowest residual 
concentrations observed in the samples exceeded standards for agricultural and 
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residential/parkland land use, but below the standards for commercial and industrial 
land use. F2 and F3 fractions in drill cuttings exceeded CCME standards for all 
categories of land use, even with the highest degradation rate recorded. This we 
attribute to the absence of indigenous hydrocarbon-degrading microorganisms in the 
samples before bioaugmentation with seeding soil. 
 Degradation rates recorded for both PCS are comparable with literature, and in many 
situations, higher than rates reported by other authors. On the other hand, the rates of 
degradation of TPH in drill cuttings were both lower and higher than what has been 
reported in the literature.  
We conclude that despite the residual concentration of some of the fractions being above the 
regulatory standards, the rates of degradation observed verifies the efficiency and promising 
potentials of this treatment method. More extended treatment period of the samples should 
result in residual concentrations that fall below the regulatory standards. 
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CHAPTER 5: Investigating the effect of environmental and 
nutritional parameters on bioremediation of petroleum-
contaminated soil  
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5.1 Introduction 
The rate and efficiency of bioremediation in soils is governed by physical, biological 
and chemical factors such as type and concentration of contaminants, nutrient concentration, 
oxygen content, temperature, moisture and pH (Leahy and Colwell, 1990).  
During the design and planning of phase 2 of this thesis, questions on the degree and extent of 
biostimulation due to additives were raised. Phase 3 of the thesis was conducted to answer 
some of these questions and provide additional insight into the design of biodegradation 
experiments. Background information available in the literature on the four factors tested is 
presented below. The rationale and objectives for testing these factors are also discussed. 
5.1.1 Frequency of biosurfactant addition 
The effect of frequency of biosurfactant addition is tested to confirm the impact of the 
factor on hydrocarbon biodegradation. Biosurfactants have been presented as eco-friendly 
molecules with low environmental toxicity. However, studies point to the potential of 
biosurfactants to be toxic to the environment under certain conditions (Pacwa-Plociniczak et 
al., 2011). The frequency of biosurfactant addition is investigated as an essential factor in 
biosurfactant-enhanced biodegradation. The need to test the frequency of biosurfactants is 
premised on the following:  
Reports in the literature on the effects of elevated amounts of rhamnolipid on 
bioremediation of diesel-contaminated soil vary- either enhancing or inhibiting biodegradation.  
According to Szulc et al. (2014), this inconsistency may be attributed to the antimicrobial 
activity of rhamnolipids.  
195 
 
In addition, biodegradation of petroleum hydrocarbon (PHC) by biosurfactant 
producing-microorganisms results in the availability of biosurfactants in the system when 
required. However, when microorganisms used in biodegradation are unable to synthesize 
biosurfactants, a question arises about how frequently biosurfactants should be added to the 
system to ensure contaminants are continuously made available to the microorganisms for 
biodegradation.   
In the field study investigating rhamnolipid-mediated bioaugmentation conducted by 
Szulc et al. (2014), biosurfactant was reintroduced into the contaminated soil following the 
initial addition to compensate for biosurfactant loss reported in prior studies on biodegradation 
of rhamnolipids. Szulc et al. (2014) further reported that rhamnolipid biosurfactant employed 
in their study was rapidly degraded between the 6th and 16th day in bioaugmented soil 
samples; complete degradation of the biosurfactant was observed in 30 d.  
5.1.2 Nutrient ratio and frequency of nutrient addition 
Introduction of hydrocarbons into soils result in excessively high carbon: nitrogen and 
carbon: phosphorus ratios, which do not favor microbial growth (Leahy and Colwell, 1990). 
Nitrogen, phosphorus, potassium and other vital micro-nutrients are required by 
microorganisms for cell growth (Brook et al., 2001). Nitrogen and phosphorus are identified as 
factors that limit biodegradation in soils (Walworth and Reynolds, 1995; Brook et al., 2001; 
Leahy and Colwell, 1990). A prominent factor in bioremediation has been identified as the 
ratio of hydrocarbon concentration to nitrogen concentration (Liu et al., 2015). To stimulate 
biodegradation of the hydrocarbons, carbon: nitrogen and/or carbon: phosphorus ratios are 
adjusted (Leahy and Colwell, 1990). 
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In nutrient addition, the form of nitrogen impacts the bioavailability and uptake by 
microorganisms. Nitrate and ammonia as nitrogen sources are highly soluble in water and are 
readily available to microorganisms in soils. However, nitrogen may be lost in the soil which 
may lead to the need for reapplication of the nutrient sources (Walworth and Reynolds, 1995). 
The goal of the set of experiments conducted on nutrient addition was to observe 
biodegradation of crude oil-spiked samples with different nutrient ratios for nitrogen, 
phosphorus, and potassium and the effect of frequency of addition. Our goal is establish a 
correlation between the reduction of PHC through biodegradation and the nutrient ratio and 
frequency of addition of the nutrients. The nutrient addition experiments were designed to 
examine these two conditions relative to each other. 
Condition 1: The ratio of nutrient required to stimulate biodegradation treatment. To 
evaluate this, the highest parameter level (100:14:2:2) and the lowest parameter level 
(100:4:1:1) used for C:N:P:K ratio in the biodegradation setup in Chapter 4 (phase 2) were 
used.  
Condition 2: The frequency of nutrient addition required to produce the highest 
reduction in hydrocarbon concentration, and the effect of the frequency of addition of nutrients 
on biodegradation.  
The rationale for testing this parameter was to investigate and hopefully answer the following 
questions: 
1) Will the increased frequency of nutrient addition give rise to an additive effect in the 
biodegradation of PHC? 
2) By comparing biodegradation results, will multiple additions of nutrients in lower ratio 
give similar results to a single addition (or fewer addition) of nutrients in a higher ratio? 
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5.1.3 Oxygen requirement 
Oxidation of hydrocarbon substrates by oxygenases is the initial step in the catabolism 
of the hydrocarbons. To achieve this, oxygen is required, making aerobic conditions a critical 
factor in the microbial oxidation of hydrocarbons (Leahy and Colwell, 1990). In an aerobic 
environment, microorganisms involved in bioremediation need an electron acceptor such as 
oxygen (Brook et al., 2001). Most of the organisms producing biosurfactants are aerobic. 
However, a few have been reported to be anaerobic (Mulligan and Gibbs, 2004). Aeration in 
soil is related to the moisture content. Moisture is required by microorganisms for cell growth 
and function. Soil moisture also impacts nutrient and water diffusion into and out of microbial 
cells (Shah, 2014). However, high moisture content impairs air diffusion in soil (Lahel et al., 
2016). 
Lahel et al. (2016) investigated microbial activity and contaminant mineralization in 
diesel biodegradation by measuring CO2 production at moisture contents: 10%, 20%, and 30%. 
The results indicated that the highest and lowest CO2 production was recorded at moisture 
content of 20% and 30% respectively. CO2 production here was used by the authors to measure 
rate of biodegradation; biodegradation of hydrocarbons by microorganisms led to the 
production of CO2. 
Oxygen requirement is thus investigated in the present thesis as days of oxygen 
exposure in two conditions: waterlogged samples and sealing off flasks to prevent aeration. 
These two scenarios depict two possible conditions where anaerobic environments can be 
observed in bioremediation of PHC. Waterlogging is used to simulate real-life scenarios of 
hydrocarbon contamination in sediments and river banks.  
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5.1.4 Field-condition samples and ambient temperature 
One of the limiting factors of microbial bioremediation of hydrocarbon contaminants in 
cold climate regions is the low ambient temperatures (Sanscartier et al., 2009). Successful 
petroleum hydrocarbon bioremediation in cold climate conditions remains a challenge (Gomez 
and Sartaj, 2013). Remediation of contaminated sites in northern Canada specifically is a 
crucial environmental concern (Chang, 2013). The operational conditions in cold climates are 
different from what is experienced in temperate regions, the rate of biodegradation is expected 
to be slower (Ferguson et al., 2003). 
According to Gomez and Sartaj (2013), temperature impacts not only hydrocarbon 
bioavailability but also the nature and extent of metabolism in microorganisms. The authors 
emphasized that in the development of ex situ (or in situ) bioremediation strategies for 
contaminated soils, assessment of the cold climates such as witnessed in Canada is extremely 
important. 
Bench-scale experiments utilize more optimal conditions than is prevalent in the field 
experiments despite conducting the experiments concurrently. However, comparison of the 
results will provide information on what conditions can be optimised and how the bench-scale 
experiments can be reproduced in the field (Lors et al., 2012). Diplock et al. (2009) 
extrapolated laboratory scale experiments conducted to investigate the bioremediation of 
hydrocarbon. The authors observed that on average, the field scale set-up took three times as 
long to obtain the same results as the bench scale trials. One of the disadvantages of 
bioremediation is the limitation of extrapolating bench-scale experiments to field scale 
operations (Shah, 2014). 
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According to Lors et al. (2012) and Diplock et al. (2009), there is a need for field scale 
validation of experiments conducted in the laboratory. While this study was not conducted on a 
field scale, the parameters examined mimic conditions encountered in the field. Mesocosms are 
used in environmental science as a bridge between the laboratory and the real world. They are 
defined by Odum (1984) as “bounded and partially enclosed outdoor experimental setups.” 
While being replicable, there is a degree of realism in them that cannot be achieved in the 
laboratory (Odum, 1984). The question of scale has been closely associated with mesocosms in 
the literature (Crossland and La Point, 1992; Skelly, 2002); this is, however, not a focus for the 
present thesis. Even though this study did not use a large scale mesocosm experiments, the 
field samples were used to test the effect of specific field conditions: uncontrolled temperature 
and unprocessed soil samples. Therefore, they are referred to as “smaller scale mesocosm 
experiments” in the present thesis. According to Mao et al. (2015), there are limited field 
studies and full-scale application of surfactant-based technologies in soil remediation 
worldwide. 
The objective of the study was to assess the rate and extent of PHC biodegradation in 
field-condition samples under certain bioaugmentation and biostimulation amendments. 
 Specifically, the objectives of the experiments are: 
- To assess the extent and rate of biodegradation of total petroleum hydrocarbon (TPH) 
and PHC fractions: F2 and F3 in field-condition samples. 
- To compare the extent of biodegradation of PHC between field-condition samples in 
uncontrolled temperature conditions (smaller scale mesocosm experiments) with field-
condition samples under controlled temperature conditions using the same base soil. 
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- To compare the extent of degradation of the field condition samples (controlled and 
uncontrolled temperature) with processed/prepared laboratory samples conducted under 
the same biostimulation conditions using the same base soil.  
5.1.5 Chapter objectives 
Overall, the objectives of the study in Phase 3 are detailed below: 
The first objective is to evaluate the effect of four major factors on the biodegradation 
of petroleum-contaminated soils. The factors investigated were frequency of biosurfactant 
addition; ratio, and frequency of nutrient addition; oxygen requirement; and effect of field 
conditions. This study investigated the utility of these factors when designing biodegradation 
treatment regimens by: 
- Evaluating the effect of frequent addition of biosurfactants on the rates and extent of 
petroleum hydrocarbon biodegradation and illustrate the effect of high concentrations 
of the rhamnolipid biosurfactant tested. 
- Comparing the rates of biodegradation in well-aerated samples with oxygen-limited 
samples due to waterlogging and capping. 
The second objective is to provide additional insight into the effect of these parameters 
when evaluating biodegradation and biostimulation processes used for the treatment of PHC 
contaminated soils.  
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5.2 Materials and methods  
5.2.1 Petroleum-contaminated soil 
Petroleum-contaminated soil (PCS) was spiked with crude oil in the laboratory to a 
PHC concentration of 8,169 mg kg-1. Initial concentrations of F2 fraction (C10-C16) and F3 
fraction (C16-C34) were 2,476 mg kg-1 and 5,693 mg kg-1 respectively. The initial moisture 
content of the sample was 2.27%. 
5.2.2 Chemicals 
Rhamnolipid biosurfactant, KH2PO4, NH4 NO3, and P4O10 as described in Section 4.2.2 
were used. 
5.2.3 Experimental procedure 
The general experimental method used is similar to Section 4.2. Changes made in the 
experimental method are detailed in the following section. 
5.2.3.1 Frequency of biosurfactant addition 
Five levels were tested to determine the effect of frequency of addition of biosurfactant 
to biodegradation treatment (Table 5.1). The biodegradation experiment was run for 50 days. 
Day 0 denotes the set-up date. For level 2 (Experiment No. 2= “once”), biosurfactant was 
added on Day 0. For level 3 (Experiment No. 3 = “twice”), biosurfactant was added on Day 0 
and Day 26. For level 4 (Experiment No. 4 = “thrice”), biosurfactant was added on Day 0, Day 
17 and Day 34. For level 5 (Experiment No. 5 = “four times”), biosurfactant was added on Day 
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0, Day 14, Day 26 and Day 39. Amount of rhamnolipid biosurfactant added was kept constant 
at 12.5 mg. Each test was conducted in triplicate. 
One complete set of biodegradation experiments (triplicate) set up with no biosurfactant 
added acted as a control (Experiment No. 1 in Table 5.1).  
Table 5.1 Experimental plan for effect of frequency of biosurfactant addition on petroleum 
hydrocarbon reduction in petroleum-contaminated soil 
Experiment  Frequency of Sawdust Nutrients Treatment 
No. Biosurfactant (%, w/w) (C:N:P:K) Method 
 
Addition 
   1 None 2 100:14:2:2 Integrated 
2 Once 2 100:14:2:2 Integrated 
3 Twice 2 100:14:2:2 Integrated 
4 Thrice 2 100:14:2:2 Integrated 
5 Four Times 2 100:14:2:2 Integrated 
 
5.2.3.2 Nutrient addition 
Four frequency levels were tested for each of the two nutrient ratios investigated. All 
other parameters (rhamnolipid amount, sawdust, treatment method) were kept constant (Table 
5.2). All experiments were conducted in triplicate. One complete set of biodegradation 
experiments set up with no nutrient added acted as a control (Level 1 for nutrient ratio 
100:4:1:1 and 100:14:2:2, i.e., Experiment No. 1 in Table 5.2).  
Nutrient sources utilized in this test provide nutrients in readily available forms to the 
microorganism in the contaminated sample (Brook et al., 2001). 
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Table 5.2 Experimental plan for effect of frequency of nutrient addition on petroleum hydrocarbon 
reduction in petroleum-contaminated soil at different C:N:P:K ratios  
Experiment  Frequency of Rhamnolipid  Sawdust Nutrients Treatment 
No. Nutrient Amount (%, w/w) (C:N:P:K) Method 
 
Addition in Soil (mg) 
   1 None 12.5 2 None Integrated 
2 Once 12.5 2 100:4:1:1 Integrated 
3 Twice 12.5 2 100:4:1:1 Integrated 
4 Thrice 12.5 2 100:4:1:1 Integrated 
5 Once 12.5 2 100:14:2:2 Integrated 
6 Twice 12.5 2 100:14:2:2 Integrated 
7 Thrice 12.5 2 100:14:2:2 Integrated 
 
5.2.3.3 Oxygen requirement 
The impact of minimal oxygen levels based on days of oxygen exposure on 
biodegradation was tested by reducing oxygen availability in two ways. In one set of 
experiments, rubber corks were used to seal the Erlenmeyer flasks. The flasks were further 
wrapped with sealing film (Parafilm, Sigma Aldrich) to minimize oxygen flow in and out of 
the flasks. In another set of experiments, the samples were waterlogged by adding distilled 
water to 5 cm above sample (approximately 60 mL) (Figure 5.1). All other parameters were 
kept constant for the experiments. All experiments were conducted in triplicate. One complete 
set of biodegradation experiments set up with foam plugs from day 0 acted as a control 
(Experiment No. 1 in Table 5.3).  
Throughout the biodegradation experiment, the samples sealed with rubber-cork and 
film had negligible weight loss. Gravimetric moisture content in the samples remained constant 
at 20%; as a result, the samples were not opened to augment moisture content once sealed. The 
average weight for triplicate flasks for Experiment No. 2 (Table 5.3) was 177.789 g on Day 0 
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and 177.767 g on Day 50; representing moisture loss of 0.00012%. Moisture loss for 
Experiment No. 3 after 45 d, and Experiment No. 4 after 35 d was 0.00005% and 0.00002% 
respectively. 
Table 5.3 Experimental plan for effect of days of oxygen exposure on petroleum hydrocarbon reduction 
with waterlogged and rubber cork/film-sealed petroleum-contaminated soil 
Experiment  Days of   Rhamnolipid  Sawdust Nutrients Treatment 
No. Oxygen Amount in (%, w/w) (C:N:P:K) Method 
 
Exposure Soil (mg) 
   1 Foam Plug on Day 0 12.5 2% 100:14:2:2 Integrated 
      2 Rubber Cork on Day 0 12.5 2% 100:14:2:2 Integrated 
3 Rubber Cork on Day 6 12.5 2% 100:14:2:2 Integrated 
4 Rubber Cork on Day 16 12.5 2% 100:14:2:2 Integrated 
      5 Waterlogged on Day 0 12.5 2% 100:14:2:2 Integrated 
6 Waterlogged on Day 6 12.5 2% 100:14:2:2 Integrated 
7 Waterlogged on Day 16 12.5 2% 100:14:2:2 Integrated 
 
 
Figure 5.1 Experimental setup for effect of days of oxygen exposure on petroleum hydrocarbon 
reduction: (a) waterlogged petroleum-contaminated soil; (b) rubber cork/film-sealed petroleum-
contaminated soil 
 
(a) (b) 
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5.2.3.4 Field-condition samples and ambient temperature 
Field-condition samples of petroleum-contaminated soils (Field PCS) were used to 
mimic soil conditions obtainable in the field. The soil samples were neither sieved nor oven-
dried; hence, they are described in the present thesis as field-condition samples. 
Four experimental levels from the Taguchi design for prepared PCS in phase 2 of the 
present thesis (Chapter 4) were chosen and used to design experiments for field PCS. The 
field-condition samples were tested in two different temperature conditions. 1) Controlled 
temperature achieved in growth chambers and 2) Uncontrolled temperature achieved by 
placing the samples in an external enclosed shed (Figure 5.2).  
The experimental levels were selected ‘randomly’, albeit ‘purposefully’. ‘Randomly’, 
in that, there was no prior knowledge on the effectiveness of the parameters on PHC 
degradation. ‘Purposefully’, in that the random selection ensured that each of the experimental 
levels for all factors tested was included in the combination. With such experimental selection, 
direct comparisons of the results can be made, however, statistical analysis cannot be used. 
This research decision was made due to limited availability of contaminated samples. 
Air-dried field samples were spiked with crude oil in the laboratory to a TPH 
concentration of 9,963 mg kg-1. Initial concentrations of F2 fraction (C10-C16) and F3 fraction 
(C16-C34) were 2,980 mg kg-1 and 6,983 mg kg-1 respectively. Field PCS were subjected to 
bioremediation in boxes constructed with wood and breathable Agribon fabric (9 in length, 4 in 
width, and 5 in depth) (Figure 5.3). The Agribon fabric is designed to allow air, sunlight, and 
water to pass through.  
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Figure 5.2 External enclosed shed for smaller scale mesocosm experiments 
 
 
 
Figure 5.3 Wooden boxes for bioremediation of field-condition samples (petroleum-contaminated soil) 
 
Two hundred and fifty gram (250 g) dry weight of the sample was weighed into the 
wooden boxes. Samples in each box were thoroughly mixed. The boxes were covered with 
Agribon fabric to allow aeration. The temperature in the shed and growth chamber was logged 
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every 30 min with the HOBO data loggers and subsequently plotted. Placing the samples in a 
shed is considered similar to field scale experiments covered with tarps.  
We hypothesized that despite using similar treatment conditions for biodegradation, the 
difference in temperature would produce lower hydrocarbon reductions in the uncontrolled 
temperature field PCS samples versus the controlled temperature field PCS samples. 
Temperature is considered a very significant factor when designing biodegradation treatment in 
Canada where the predominant temperature (winter season) is lower than the treatment 
temperatures proposed in numerous biodegradation literature. 
Table 5.4 Experimental plan for bioremediation of field-condition petroleum-contaminated soil 
Experiment  Comparison Rhamnolipid Sawdust Nutrients Treatment 
No. Experiment  Amount  (%, w/w) (C:N:P:K) Method 
  No. (mg)       
1 1 None None None Integrated 
2 7 2.125 4 100:14:2:2 Integrated 
3 12 12.5 6 100:4:1:1 Two-step 
4 14 50 2 100:10:1:1 Two-step 
 
5.2.4 Statistical analysis 
T-Test (p < 0.05) was conducted on the results obtained for the percentage PHC 
reductions observed for all the various treatments. Results of the T-Test are presented in the 
appendix. Prior to the T-Test, an Anderson-Darling normality distribution test was conducted 
to determine if the data followed a normal distribution at a significance level of 0.1. When the 
p-value is less than the significance level, a conclusion is made that the data does not follow a 
normal distribution. Results of the normality distribution test are presented in Appendix VII to 
Appendix IX. All statistical analysis was computed using MINITAB 17 software. T-test was 
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used for pairwise multiple comparisons to determine the significant differences in PHC 
reduction of the factors and levels evaluated in the four conditions investigated in Phase 3.  
5.3 Results and discussion  
Impacts of individual factors on petroleum hydrocarbon reduction are presented in the 
following paragraphs. 
5.3.1 Frequency of rhamnolipid-biosurfactant addition 
The effect of frequency of biosurfactant addition on the reduction of TPH, F2 and F3 
fractions are presented in Figure 5.4, Figure 5.5 and Figure 5.6. High percentage removals of 
petroleum hydrocarbon were observed for all levels tested. The efficiency of removal of 
petroleum hydrocarbons did not significantly increase with an increase in the number of times 
rhamnolipid-biosurfactant was added. TPH reduction with one-time addition of rhamnolipid-
biosurfactant was 93.59%, however, when rhamnolipid biosurfactant was added two times and 
four times, a significant difference was observed. TPH reduction was lower at 92.92% and 
92.85% respectively. Similarly, F3 fraction reduction was lower with the addition of 
rhamnolipid-biosurfactant two times and four times at 90.77% and 90.52%, compared to 
91.98% recorded when rhamnolipid-biosurfactant was added only once.  
T-test analysis was conducted to confirm if there is a significant difference in the means 
(average) of PHC reduction recorded for the various test treatments. The results are presented 
in Appendix I, Appendix II and Appendix III. Results of the T-test indicate that for majority of 
the two-sample comparisons made; there was no significant difference when the frequency of 
addition is increased. However, comparison of “one-time” vs. “two-times” and “one-time” vs. 
“four-times” of rhamnolipid addition for both TPH and F3 fraction indicate there is a 
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significant difference in the means. The results indicate that with addition of rhamnolipid 
biosurfactant two times and four times, the removal rates of TPH and F3 fraction decreased. F2 
fraction showed a different trend as the PHC degradation recorded was higher after addition of 
rhamnolipid biosurfactant four times at 98.20% compared to 97.31% recorded with only one 
addition. Results from T-test, however, indicate that the differences in the results are not 
significant once the margins of error and the standard deviation have been considered. 
 Based on these results, not only is there is no significant increase in PHC reduction as 
a result of increasing the frequency of biosurfactant addition, multiple additions of 
biosurfactant resulted in a reduction in the extent of TPH and F3 degradation recorded. PHC 
degradation in the samples where rhamnolipid was added twice, thrice and four times showed 
slightly lower PHC degradation after 50 d of treatment, compared to biodegradation set-up 
with rhamnolipid biosurfactant added once. This suggests that while an increase in the rate and 
extent of biodegradation may be achieved (as in F2 degradation), the difference is at best 
marginal. Overall, the observed degradation results do not justify increasing the number of 
times biosurfactant is added to the biodegradation set-up.  
The decreasing trend in the removal efficiency of the petroleum hydrocarbon contaminants 
recorded in the present thesis can be due to the following scenarios as explained in literature: 
1) Excessive concentrations of biosurfactants may show adverse remediation effects by 
inhibiting direct contact between microorganisms and the target petroleum hydrocarbon 
contaminants (Trellu et al., 2016). Increasing the concentration of biosurfactants 
increases the amount of biosurfactant adsorbed onto soil (Huguenot et al., 2015). 
Although generally, biosurfactants show low adsorption onto soil (Paria, 2008). 
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2) Excessively high concentrations of the biosurfactants could be toxic to specific 
hydrocarbon-degrading microorganism thus inhibiting biodegradation (Trellu et al., 
2016). In this regard, the biosurfactant can either inhibit the cell proliferation of the 
affected microorganism or cause lysis of microbial cells by forming micelles with lipids 
in the cell membrane which leads to solubilization of microbial cell membranes (Li and 
Chen, 2009). 
3) Preferable uptake of biosurfactants as substrates by the microorganism rather than 
hydrocarbon. Biosurfactants become a competitive carbon source to microorganisms in 
some instances (Li and Chen, 2009). 
Chaprão et al. (2015) observed similar results with the present thesis with tests carried 
out on two biosurfactants produced by Candida sphaerica and Bacillus sp. The tests examined 
the effect of high concentrations of the biosurfactants on biodegradation of motor oil. Chaprão 
et al. (2015) stated that increased concentration of crude biosurfactant (not rhamnolipid) tested 
did not increase the efficiency of motor oil removal. According to the authors, from an 
environmental standpoint, these results are satisfactory as optimal concentrations of 
biosurfactants seem to be either as effective or more effective than excessive concentrations of 
biosurfactants. High concentrations of some biosurfactants have been recorded to have toxic 
effects on indigenous microorganisms in soils. 
According to Luna et al. (2011), biosurfactant produced by Candida sphaerica was 
suggested to inhibit the growth of different microorganisms. The antimicrobial activity of 
different concentrations of biosurfactant produced by Candida sphaerica against a variety of 
microorganisms was investigated. The authors observed inhibition of growth of the entire 
microorganisms tested at different effective concentration. Chaprão et al. (2015) combined C. 
sphaerica and Bacillus sp. cells in a biodegradation treatment and recorded biodegradation rate 
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of 50% compared to 100% recorded when only Bacillus sp. was used in the biodegradation 
treatment. This was suggested to be due to the inhibitory effect of biosurfactant produced by C. 
sphaerica on Bacillus sp. Hence, the toxic effect of some biosurfactants on the microbial 
population in the sample should be taken into consideration when applying them in 
biodegradation treatments (Lai et al., 2009). 
 
Figure 5.4 Total petroleum hydrocarbon reduction in experiments evaluating the effect of frequency of 
biosurfactant addition on petroleum hydrocarbon biodegradation (Error bars indicate standard 
deviations) 
 
Costa et al. (2010) investigated the antimicrobial activity of two rhamnolipids. The 
results indicated that the rhamnolipids were active against certain bacteria. The authors also 
suggested that composition of the rhamnolipid results in different antimicrobial activities. 
Based on these observations, Szulc et al. (2014) in selecting microbial consortia for 
bioaugmentation selected only those that responded positively to the presence of rhamnolipid.  
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Figure 5.5 F2 fraction reduction in experiments evaluating the effect of frequency of biosurfactant 
addition on petroleum hydrocarbon biodegradation (Error bars indicate standard deviations) 
 
 Figure 5.6 F3 fraction reduction in experiments evaluating the effect of frequency of biosurfactant 
addition on petroleum hydrocarbon biodegradation (Error bars indicate standard deviations) 
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Pacwa-Plociniczak et al. (2011) stated that biosurfactants enhance the clean-up of toxic 
environmental pollutants, but recommended the careful and controlled use of biosurfactants in 
achieving this aim. Rahman et al. (2003) also recommended adequate investigation before the 
use of surfactant in repeated dosage in in situ application of surfactants that may result in 
enhanced mobility of contaminants particularly in situations where groundwater contamination 
due to contaminant mobility may be a potential concern. 
A viable alternative to multiple additions of biosurfactant in a bid to enhance 
bioremediation will be the use of hydrocarbon-degrading microorganism with the capability of 
producing biosurfactants. Using such microorganisms ensures that throughout the 
bioremediation process, there is a continuous supply of low/no-cost biosurfactants which are 
biodegradable and potentially non-toxic to the microbial consortia (Rahman et al., 2003).  
Another option is the addition of microorganisms that can overproduce biosurfactants 
which may or may not be able to utilize hydrocarbon as a carbon source. These 
microorganisms can produce biosurfactants which can be utilized by the hydrocarbon 
degraders present. This option is, however, limited to inoculation with known bacterial culture 
(Ron and Rosenberg, 2002). This second approach may be a more expensive approach to the 
method employed in the present thesis. 
Overall, all the possible scenarios highlighted above point to an added advantage of 
biosurfactants. The results dissuade the impulse to use very high and excessive biosurfactant 
concentration in environmental applications by industries in a bid to speed up biodegradation 
rate. This knowledge ensures that biosurfactants do not lose their benefits as environmentally 
benign agents. It also ensures that the cost implications (financial outlay) of the process are not 
overly excessive. The continued application of biosurfactants in environmental applications is 
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mainly affected by the balance between the cost of application and the economic gain from 
biosurfactant production (Desai and Banat, 1997). Thus, it is vital that recommended 
applications of biosurfactants in bioremediation are economically, as well as environmentally, 
attractive. 
5.3.2 Effect of days of oxygen exposure  
Figure 5.7, Figure 5.8 and Figure 5.9 shows results of biodegradation of TPH, F2 and 
F3 fraction for experiments evaluating the effect of days of oxygen exposure under two 
scenarios. Seven different set of experiments were used for this study. The addition of excess 
water and sealing of the samples limited oxygen availability to the samples which limited the 
extent and rate of degradation of PHC. Table 5.5 shows the rate of biodegradation of PCS 
under the various conditions of oxygen availability. 
In the second and fifth set of experiments (Rubber cork on day 0 and waterlogged on 
day 0), the percentage of TPH degradation obtained was 56.7 % and 59.8 % respectively. F2 
fraction degradation was 91.2% and 91.4% respectively, while F3 fraction degradation was 
41.7% and 46.0% respectively. On the other hand, in the first set of experiments (Foam plug 
from day 0), TPH degradation reached 93.6% after 50 days. Similar high levels of degradation 
were recorded for F2 and F3 fractions as 97.3% and 92% respectively. The increased exposure 
of biodegradation experiment to oxygen enhanced the extent of the biodegradation process, 
indicating that oxygen availability is important for efficient hydrocarbon degradation.  
A marginal difference was observed between the extent and rate of degradation of PHC 
in the experiments set up as waterlogged and those sealed with rubber cork and sealing film. 
The degradation rate constant for experiments with 0 d of exposure to oxygen was obtained as 
0.0167 d-1 and 0.0182 d-1 for rubber corked samples and waterlogged samples respectively. 
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Overall, the rate and extent of degradation was higher in waterlogged samples than rubber 
corked samples. The higher degradation in waterlogged samples can be attributed to a higher 
oxygen level in waterlogged samples than samples sealed off with rubber cork and sealing 
film. Results of T-test analysis presented in Appendix IV, Appendix V and Appendix VI 
verifies the significant difference in the PHC reduction observed for the various days of 
oxygen exposure for all results for TPH and F3 fraction results, and for the majority of F2 
fraction results. 
Excessive moisture is undesirable for microorganisms because it results in a reduction 
in the available oxygen. In such situations, anaerobic respiration becomes dominant, which 
results in slower biodegradation rates (Shah, 2014). Akbari and Ghoshal (2014) reported higher 
TPH reduction at 35‒43% in biopiles with a moisture content of 17.5% compared to TPH 
reduction of 11% at a moisture content of 23.5%. The result emphasizes the importance of 
optimum moisture content as the absence of optimum aeration, and moisture content reduces 
biodegradation. 
Despite the oxygen-limiting conditions, biodegradation was observed in the various 
experiments. This can be attributed to the fact that biodegradation of organic compounds can 
occur in three different pathways: aerobic, anaerobic and anoxic (Trellu et al., 2016; Khan et 
al., 2004). Under anaerobic conditions, microorganisms can break down chemical compounds 
(Khan et al., 2004), such conditions may also permit microorganism to break down otherwise 
recalcitrant molecules (Ternes et al., 2004). Microorganisms capable of producing 
biosurfactants under anaerobic conditions have been isolated by Gudiña et al. (2012). The 
unavailability of oxygen, however, limits the extent of degradation of PHC as verified by 
results from the present thesis. Fusey and Oudot (1984) reported that oxygen and nutrient 
limitation prevented biodegradation of crude oil in seashore sediments. The same will also be 
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expected in small lakes, ponds, beaches, and harbors contaminated with high concentrations of 
crude oil (Leahy and Colwell, 1990).  
These results are essential for field application of biodegradation treatments of 
petroleum hydrocarbon-contaminated soils and or sediments. It can be inferred from the 
present study, that when conditions of temperature, hydrocarbon source, contaminant 
availability, presence of hydrocarbon degraders, and nutrient availability, are in place, 
substantial amounts of PHC can be degraded through anaerobic metabolism. When the 
conditions of an energy source and carbon source are met, adaptability of microorganisms 
enables them to degrade environmental pollutants (Shah, 2014). 
 
 
Figure 5.7 Total petroleum hydrocarbon reduction in experiments evaluating the effect of days of 
oxygen exposure on petroleum hydrocarbon biodegradation with water-logged and rubber cork/film-
sealed petroleum-contaminated soil (Error bars indicate standard deviations) 
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 Figure 5.8 F2 fraction reduction in experiments evaluating the effect of days of oxygen exposure on 
petroleum hydrocarbon biodegradation with water-logged and rubber cork/film-sealed petroleum-
contaminated soil (Error bars indicate standard deviations) 
 
Table 5.5 Petroleum hydrocarbon reduction and degradation rate constant for total petroleum 
hydrocarbon (TPH), F2 and F3 fractions in experiments investigating the effect of days of oxygen 
exposure on bioremediation of petroleum-contaminated soil 
Experiment  Days of Oxygen   PHC Reduction (%)   
Degradation Rate Constant 
(d-1) 
No.  Exposure   TPH F2 F3   TPH F2 F3 
1 (FP) 50 
 
93.6 97.3 92.0 
 
0.0550 0.0723 0.0505 
          2 (RC) 0 
 
56.7 91.2 41.7 
 
0.0167 0.0487 0.0108 
3 (RC) 5 
 
69.6 92.3 59.8 
 
0.0238 0.0513 0.0182 
4 (RC) 15 
 
89.2 95.8 86.4 
 
0.0446 0.0636 0.0399 
          5 (WL) 0 
 
59.8 91.4 46.0 
 
0.0182 0.0492 0.0123 
6 (WL) 5 
 
70.1 92.7 60.2 
 
0.0241 0.0524 0.0184 
7 (WL) 15   91.3 97.3 88.7   0.0488 0.0721 0.0435 
 
FP = Foam Plug; RC = Rubber Cork; WL = Waterlogged  
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Figure 5.9 F3 fraction reduction in experiments evaluating the effect of days of oxygen exposure on 
petroleum hydrocarbon biodegradation with water-logged and rubber cork/film-sealed petroleum-
contaminated soil (Error bars indicate standard deviations) 
5.3.3 Effect of nutrient ratio and frequency of nutrient addition 
Experiments were conducted to examine the effects of different nutrient ratios and 
frequency of addition of nutrients on PHC degradation. The residual concentration of TPH, F2 
and F3 fractions were analyzed to determine the extent of PHC reduction. The results are 
shown in Figure 5.10, Figure 5.11 and Figure 5.12. Nutrient availability is a critical factor in 
the ability of microorganisms to remove PHC from contaminated soils. To evaluate the effect 
of different ratios, two C:N:P:K ratios were applied to the biodegradation set up. High PHC 
degradation was observed for both nutrient ratios tested, although, the extent of degradation 
was different. With the exception of the control experiments (that had no nutrient added), all 
treatments resulted in satisfactory TPH reduction. Similar results were obtained by Brook et al. 
(2001) for TPH removal. 
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Figure 5.10 Total petroleum hydrocarbon reduction in experiments evaluating the effect of nutrient 
ratio and frequency of nutrient addition on petroleum hydrocarbon biodegradation of petroleum-
contaminated soil (Error bars indicate standard deviations) 
 
It was observed that when the frequency of addition of nutrients was increased, the 
extent of biodegradation seemed to decrease. The efficiency of removal of PHC did not 
increase with an increase in the number of nutrient addition. With a single addition of nutrient, 
TPH reduction reached 94.38% and 93.59% for C:N:P:K nutrient ratios 100:4:1:1 and 
100:14:2:2 respectively. On the hand, the percentage of TPH degradation when nutrient was 
added three times was lower at 93.82% and 92.24% for nutrient ratios 100:4:1:1 and 
100:14:2:2 respectively. As observed by Akbari and Ghoshal (2014), biodegradation of PHCs 
was inhibited under high nitrogen concentration. The authors observed that F3 biodegradation 
was slow and even stopped in some experiments despite running the experiments for 365 days. 
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Figure 5.11 F2 fraction reduction in experiments evaluating the effect of nutrient ratio and frequency of 
nutrient addition on petroleum hydrocarbon biodegradation of petroleum-contaminated soil (Error bars 
indicate standard deviations) 
 
As seen in Figure 5.10 and Figure 5.12, the percentage TPH and F3 fraction reduction were 
dependent on both the nutrient ratio and the frequency of nutrient addition. Relative to the 
control, TPH and F3 reduction were higher. F2 fraction, however, showed a different trend to 
what was observed for TPH and F3 fraction (Figure 5.11). Another trend observed in Figure 
5.10 and Figure 5.12 is that at the higher C:N:P:K ratio of 100:14:2:2, TPH and F3 fraction 
reduction was less than the lower C:N:P:K ratio of 100:4:1:1. These results indicate that 
biodegradation was enhanced at a lower nutrient ratio. 
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Figure 5.12 F3 fraction reduction in experiments evaluating the effect of nutrient ratio and frequency of 
nutrient addition on petroleum hydrocarbon biodegradation of petroleum-contaminated soil (Error bars 
indicate standard deviations) 
 
Akbari and Ghoshal (2014) investigated bioremediation with different doses of nutrient 
amendment: 95 and 1340 mg-N kg soil-1. Results indicated that microbial activity was 
inhibited under conditions of high nitrogen concentration. A combination of aeration and low 
dose nitrogen amendment resulted in significant biodegradation of hydrocarbons (Akbari and 
Ghoshal, 2014). Pelletier et al., (2004) reported that efficiency of fertilizers was only observed 
in the first three months of their bioremediation experiments. The authors further noted that 
after six months, the beneficial effects of the fertilizers were lost. 
NH4NO3 was used as the nitrogen source in this current study and the research by 
Brook et al. (2001) which tested NH4NO3, and other nitrogen compounds provide plausible 
reasons for the observations made in this research. The research conducted by Brook et al. 
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(2001) showed similar results with this study in which changing C:N ratio from 40:1 to 20:1 
(i.e., 40:1 had less nitrogen) decreased the TPH degradation rates using NH4NO3 (ammonium 
nitrate) as nitrogen supplement. The TPH degradation rate constant for 40:1 and 20:1 C:N ratio 
were 120 x 10-4 d-1 (i.e., 0.0120) and 39 x 10-4 d-1 (i.e., 0.0039) respectively for NH4NO3. The 
authors attributed this reduction in biodegradation to the nitrogen source. According to Brook 
et al. (2001), the primary form of nitrogen in the nitrogen supplement impacts the immediate 
availability of nitrogen to the microorganism, which in turn results in increased or decreased 
biodegradation rates. The degradation rate constants for this study are presented in Table 5.6. 
 
Table 5.6 PHC reduction and degradation rate constant for total petroleum hydrocarbon (TPH), F2 and 
F3 fractions in experiments investigating the effect of nutrient ratio and frequency of nutrient addition 
on bioremediation of petroleum-contaminated soil 
Experiment  Frequency of Nutrients   PHC Reduction (%)   Degradation Rate Constant (d-1) 
No. 
Nutrient 
Addition (C:N:P:K)   TPH F2 F3   TPH F2 F3 
1 None None 
 
88.5 98.1 84.4 
 
0.0433 0.0794 0.0371 
           2 Once 100:4:1:1 
 
94.4 97.8 92.9 
 
0.0576 0.0759 0.0529 
3 Twice 100:4:1:1 
 
94.2 97.6 92.7 
 
0.0569 0.0745 0.0524 
4 Thrice 100:4:1:1 
 
93.8 97.8 92.1 
 
0.0557 0.0762 0.0507 
           5 Once 100:14:2:2 
 
93.6 97.3 92.0 
 
0.0550 0.0723 0.0505 
6 Twice 100:14:2:2 
 
93.0 97.5 91.1 
 
0.0533 0.0738 0.0484 
7 Thrice 100:14:2:2   92.2 97.9 89.8   0.0511 0.0770 0.0456 
 
Ammonium as a nitrogen source is immediately available when compared to nitrate 
(Brook et al., 2001). With NH4NO3, increasing the ammonia-nitrogen also increases the 
nitrate-nitrogen. Thus nitrate-nitrogen in 100:14:2:2 C:N:P:K ratio is considerably higher than 
nitrate-nitrogen in C:N:P:K ratio of 100:4:1:1 examined in this study. At increased nitrogen 
concentration of 20:1 C:N ratio tested by Brook et al. (2001), nitrogen treatment with NH4NO3 
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did not enhance degradation rates at the same extent as nitrogen treatments with nitrogen 
sources that have higher concentrations of ammonia such as ammonium sulfate. With 
ammonium sulfate, the TPH degradation rate constant for 40:1 and 20:1 C:N ratio were 190 x 
10-4 d-1 (i.e., 0.0190) and 320 x 10-4 d-1 (i.e., 0.0320).  
Brook et al. (2001) raised the question of the possibility of microbial inhibition by 
nitrate. Results presented in their research supported nitrate inhibition hypothesis. Although the 
research was unable to confirm the occurrence of nitrate inhibition categorically, results 
gathered from the current research further corroborates these observations and establishes a 
need for further study in this area. The observations by Brook et al. (2001) are, however, not in 
agreement with Mariano et al. (2007) on ammonium salts. According to Mariano et al. (2007), 
nitrogen as ammonium salts may be potentially toxic to microorganism due to the production 
of ammonia in soils. 
The inhibitory effects of excessive addition of nutrients on biodegradation have been 
highlighted in the literature (Hesnawi and Adbeib, 2013; Mariano et al., 2007). Akbari and 
Ghoshal (2014) observed that biodegradation of PHCs was inhibited under high nitrogen 
concentration. According to a literature review by Desai and Banat (1997), nitrogen source and 
nitrogen limitation impacts biosurfactant production by microorganisms. While Arthrobacter 
parafineus preferred ammonia and urea as a nitrogen source for biosurfactant production, 
Pseudomonas aeruginosa preferred nitrate as the nitrogen source. According to Syldatk et al. 
(1985), biosynthesis of rhamnolipid in Pseudomonas sp is connected with nitrogen 
metabolism. 
In other scenarios, nitrogen limitation has been reported to increase the production of 
biosurfactants. As the growth of microorganisms slows down, biosurfactant becomes 
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overproduced (Desai and Banat, 1997). According to Guerra-Santos et al. (1984), reducing and 
increasing nitrate concentration to certain levels reduces biosurfactant concentration. In the 
experiment conducted with Pseudomonas aeruginosa, at less than C:N ratio 11:1, nitrogen was 
abundant, biomass concentration was high. However, biosurfactant (rhamnolipid) was not 
produced. Above C:N ratio of 9:1, biomass concentration decreased; however, biosurfactant 
concentration increased. The increase was attributed to an increase in nitrogen limitation. 
Maximum production of biosurfactant was observed at C:N ratio of 18:1. With regards to 
optimum biomass yield, the absolute quantity of nitrogen is an important factor (Hommel et al., 
1987). Microorganisms direct hydrophobic carbon source and cellular metabolism to the 
production of biosurfactants rather than biomass in nitrogen limiting conditions (Desai and 
Banat, 1997; Guerra-Santos et al., 1984; Syldatk et al., 1985). 
Furthermore, the degradation rate constant observed from this study are higher than 
rates reported by Brook et al. (2001) for both ammonium sulfate and ammonium nitrate. The 
high degradation rate constant is possibly an indication that other optimum conditions (besides 
nutrient availability) required to enhance biodegradation were available in the degradation set 
up. Hence, the possible reason why considerable degradation was observed in the control 
experiments without nutrient addition. In addition, considering that nutrient limitation is 
reported to favor biosurfactant production, there is a possibility that in the nutrient-limited 
setup, biosurfactant production would enhance F2 degradation as a more readily available 
hydrocarbon fraction than F3 fraction. 
Changes in phosphorus concentration did not have pronounced effects on biomass 
concentration, however, the presence of phosphate was observed to be apparently required for 
the microorganism to produce biosurfactants (Guerra-Santos et al., 1984). Syldatk et al. (1985) 
reported that phosphate limitation could change the type and composition of the biosurfactant 
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produced. The ratios of phosphorus investigated in the present thesis are not substantially 
different to make any notable observations on the impact of this nutrient on PHC 
biodegradation. However, the addition of phosphorus based on literature will positively impact 
biosurfactant production and consequently, hydrocarbon degradation (Liu et al., 2010). 
5.3.4 Effect of field-condition samples and ambient temperature 
Laboratory studies on biodegradation typically use controlled temperature conditions 
and prepared samples (oven dried and sieved) to evaluate petroleum hydrocarbon removal 
from contaminated media. In this work, biodegradation experiments were set up in 
uncontrolled temperature environment, using unprepared contaminated soil samples to study 
the effect of field-condition samples and unregulated temperature on PHC biodegradation.  
This study makes two comparisons with the results of the experiments. 
1)  PHC reduction was compared for prepared laboratory scale samples and field-
condition samples both under controlled temperatures. Results are presented in Table 
5.7, Table 5.8 and Figure 5.13. 
2) The results of PHC reduction for the uncontrolled temperature smaller scale mesocosm 
experimentsand the controlled temperature experiments using field-condition samples 
were compared. The results are presented in Table 5.10, Table 5.11, Figure 5.16, Figure 
5.17 and Figure 5.18. 
5.3.4.1 Comparison of field-condition samples and laboratory prepared samples 
TPH reductions in laboratory prepared samples were significantly higher than TPH 
degradation observed in field-condition samples, despite similar environmental and nutritional 
conditions. The major differences in the samples were the sample size and the level of 
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preparation of the samples. Results of biodegradation rates from laboratory scale experiments 
are usually higher than biodegradation rates recorded in field experiments (Akbari and 
Ghoshal, 2014). The experimental levels that gave the highest TPH degradation were also 
different between the two sample types. L14 gave the highest reduction during the laboratory 
scale experiments. However, the results obtained for field samples were different, with L12 
giving the highest TPH reduction. This study verifies the importance of exercising caution in 
the extrapolation of laboratory results to field applications. The essence of tests with field 
conditions is to improve our understanding of how results from laboratory-scale experiments 
can be quantitatively extrapolated to field experiments (Petersen and Kemp, 2009). 
 
Table 5.7 Comparison of total petroleum hydrocarbon (TPH) reduction for controlled temperature 
field-condition samples and laboratory prepared samples 
Experiment  Comparison Field-Condition Samples Laboratory Prepared Samples 
No. Experiment    TPH Reduction Rank TPH Reduction Rank 
  No. (%)   (%)   
1 1 52.1 4 85.7 4 
2 7 56.3 3 93.8 3 
3 12 83.5 1 93.9 2 
4 14 79.6 2 94.9 1 
 
Table 5.8 Comparison of degradation rate constants for controlled temperature field-condition samples 
and laboratory prepared samples 
Comparison Degradation Rate Constant (d-1)  
Experiment  Field-Condition Samples 
 
Laboratory Prepared Samples 
No. TPH F2 F3 
 
TPH F2 F3 
1 0.0147 0.0586 0.0083 
 
0.0389 0.0763 0.0331 
7 0.0166 0.0595 0.0102 
 
0.0555 0.0690 0.0519 
12 0.0360 0.0814 0.0296 
 
0.0561 0.0643 0.0536 
14 0.0318 0.0807 0.0253   0.0594 0.0709 0.0562 
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Figure 5.13 Comparison of total petroleum hydrocarbon (TPH), F2 and F3 reduction for controlled and 
uncontrolled temperature field-condition samples and laboratory prepared samples (Error bars indicate 
standard deviations) 
 
The degradation rate constant observed for TPH and F3 fraction were greater in the 
laboratory-prepared samples in comparison to the field-condition samples. The F2 fraction was 
observed to, however, have a different trend. In experiments 1 and 7 which employed the 
integrated method, F2 fraction degradation rate constants were higher with the prepared soils. 
However, it was interesting to observe that for experiments 12 and 14, the degradation rate 
constants for F2 fraction were higher in field-condition samples. The results observed suggest 
that solubilization is the main mechanism associated with the increased removal of F2 
fractions. Solubilization occurs at biosurfactant concentrations above CMC (Chaprão et al., 
2015) and increased solubility of this fraction as reported by Whyte et al. (1998) suggests a 
contributory factor to the treatment method which incorporated soil washing. The variation in 
the degradation rate constant recorded for field-condition samples and laboratory-prepared 
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samples in this present thesis is supported by observations made by Chang (2013). The 
degradation rates obtained in the pilot scale experiments were two times slower than the rates 
observed in the laboratory scale experiments (Chang, 2013). 
5.3.4.2 Comparison of controlled temperature and uncontrolled temperature 
5.3.4.2.1 Temperature 
The temperature conditions in the shed and the growth chamber (GC) are plotted in 
Figure 5.14 and Figure 5.15. In the shed, the average temperature over the treatment period 
was measured as ‒7.46 °C. Huge temperature fluctuations were observed (Maximum 
temperature = 9.03 °C, Minimum temperature = ‒25.33 °C). Average Relative Humidity was 
measured as 66.89% (Maximum = 97.9%, Minimum =36.7%). The average temperature in the 
GC was 22.8 °C (Maximum temperature = 23.24 °C, Minimum temperature = 22.09 °C). The 
temperature fluctuations in the shed compared to the relatively stable temperature in the growth 
chamber exemplifies the wide difference between the observable temperature in real-life 
applications of biodegradation, particularly in the winter months and typical laboratory 
experiments.  
Effect of temperature on the rate of biodegradation of hydrocarbons is marked (Atlas, 
1981). Temperature impacts the diversity and physiology of the microbial community, as well 
as the chemistry of the pollutants (Das and Chandran, 2011). Biodegradation kinetics is 
impacted by seasonality and temperature variations at cold sites (Chang, 2013). Hydrocarbon 
metabolism is said to increase with increase in temperature to a maximum of 30 to 40 °C. At 
this temperature range, membrane toxicity of hydrocarbons to microorganisms increases 
(Leahy and Colwell, 1990).  
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Figure 5.14 Controlled temperature conditions in growth chamber for field-condition samples 
 
Figure 5.15 Ambient temperature conditions in shed for smaller scale mesocosm experiments 
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The performance of TPH degradation using field-condition samples was examined 
under controlled and uncontrolled temperature conditions. It was interesting to observe that 
TPH reductions were slightly higher under uncontrolled temperatures for experiments 1 and 
experiment 7. The rate of biodegradation which is controlled by the rate of enzymatic reactions 
is reported in the literature to double with every 10 °C rise in temperature up to the temperature 
limit that microorganisms can tolerate. In addition, the optimum temperature for 
biodegradation by microorganisms ranges between 25‒45 °C (Shah, 2014). Hence, the 
interesting observation where experiments conducted in temperature that averaged ‒7.46 °C 
showed slightly higher biodegradation rate than some experiments conducted under an 
optimum average temperature condition of 22.8 °C. This study is important for the practical 
application of biodegradation in environments with extended winter seasons. 
Results in Table 5.9 show the PHC reduction in field-condition samples for 
experiments conducted in both controlled and uncontrolled temperature. With a direct 
comparison of the results, experiment L14 had the highest removal rates of 59.0% at low-
temperature conditions under the following conditions; rhamnolipid amount at 50 mg, sawdust 
at 2%, nutrient ratio of 100:10:1:1 and two-step treatment method. On the other hand, the 
highest reduction of 83.5% was recorded at L12 for the experiments under controlled 
temperature. The treatment conditions were rhamnolipid amount at 12.5 mg, sawdust at 6%, 
nutrient ratio of 100:4:1:1 and two-step treatment method. 
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Table 5.9 Total petroleum hydrocarbon (TPH), F2 and F3 fraction reductions in field-condition 
samples under controlled and uncontrolled temperature 
PHC Reduction in field-condition samples after bioremediation treatment (%) 
  
Uncontrolled 
Temperature 
 
Controlled 
Temperature 
Comparison Experiment No. TPH F2 F3   TPH F2 F3 
1 57.7 91.7 43.2 
 
52.1 94.7 34.0 
7 57.1 89.6 43.2 
 
56.3 94.9 39.9 
12 55.8 86.7 42.6 
 
83.5 98.3 77.2 
14 59.0 88.6 46.4   79.6 98.2 71.7 
 
 
 
Figure 5.16 Comparison of total petroleum hydrocarbon (TPH) biodegradation in field-condition 
samples under controlled and uncontrolled temperature conditions (Error bars indicate standard 
deviations) 
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It was observed that the extent of TPH degradation under uncontrolled temperature 
could be attributed to the F3 fraction degradation as presented Table 5.10 and Figure 5.18. For 
experiments 1 and 7 which employed integrated method, biodegradation rate constant for F3 
fraction in uncontrolled temperature was higher at 0.0113 d-1 and 0.0113 d-1 respectively. While 
under controlled temperature, the degradation rate constant was lower at 0.0083 d-1 and 0.0102 
d-1 respectively. These observations do not follow the hypothesis made at the start of the 
experiment and reports in the literature of low rates of biodegradation due to low temperatures, 
causing contaminants to persist in the environment (Whyte et al., 1998). Whyte et al. (1998) 
further stated that at temperatures below 10 °C, long-chain alkanes are solid, limiting their 
bioavailability, and thus hindering their degradation. Horel and Schiewer (2009) investigated 
the degradation of diesel-contaminated soils at two temperature levels: 6 °C and 20 °C. 
Degradation rates at 6 °C were observed to be minimal. At 20 °C, the diesel mineralization was 
five times the mineralization recorded at 6 °C over a 17-week period.  
Despite these reports, biodegradation of hydrocarbons has been reported in the 
literature at low-temperature conditions. Pelletier et al. (2004) recorded over 90% degradation 
of n-alkanes within six months at a temperature of 3‒4 °C. Gomez and Sartaj (2013) conducted 
field scale experiments at ambient temperature ranging from ‒3.5 °C to ‒24.1 °C. TPH 
degradation as high as 82% were recorded with degradation rate constant of 0.016 d-1, although 
the temperatures recorded within the soil were above freezing temperatures. The authors 
attributed the high TPH removal to aerobic conditions, nutrient amendments and 
bioaugmentation with a microbial consortium. Akbari and Ghoshal (2014) conducted 
bioremediation experiments which took account of the cold temperatures in Canada; the 
experiments were conducted at 15 °C to simulate average summer temperatures in Northwest 
Territories, Canada. The authors concluded that with the temperature conditions, significant 
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biodegradation was observed at different combinations of aeration, moisture amendment and a 
low dose of nitrogen amendment.  
Whyte et al. (1998) and Margesin and Schinner (1997) stated that indigenous 
psychrophilic and psychrotrophic microorganisms, capable of growth in low-temperature 
growth ranges might be responsible for hydrocarbon degradation observed at low temperatures. 
It has been reported that cold-adapted hydrocarbon degraders can be biostimulated with 
aeration, amendment of moisture and nutrient addition (Akbari and Ghoshal, 2014). According 
to Atlas (1981), the genera of hydrocarbon utilizers are influenced by temperature and 
chemical composition of crude oil. Atlas and Bartha (1973) observed a seasonal shift in 
microbial communities at different temperatures. Microbial communities at a location were 
compared for their ability to degrade hydrocarbons in the summer and winter. They found that 
the rate of hydrocarbon mineralization in samples was higher at 5 °C than in the summer.  
According to Chang (2013), at low temperatures, cold-adapted and indigenous 
hydrocarbon degraders survive and remain metabolically active. The possibility that certain 
low-temperature conditions could be optimum for degradation of recalcitrant F3 fractions 
poses interesting insights that should be further explored. Particularly because the degradation 
results are only attributed to biodegradation, as the treatment method did not employ 
rhamnolipid washing. 
The high reductions observed in F2 fraction under uncontrolled temperature can be 
attributed to bioremediation, particularly in experiments 1 and 7 which employed the integrated 
treatment method. In addition, loss of short chain hydrocarbons as a result of volatilization is 
expected to be minimal, as low temperatures are reported to retard volatilization of short-chain 
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hydrocarbons (Whyte et al., 1998). The retardation of volatilization can lead to the increased 
solubility of these fractions in the aqueous phase (Whyte et al., 1998). 
Figure 5.19, Figure 5.20 and Figure 5.21 presents detailed comparisons for the various 
experiments under both controlled and uncontrolled temperature conditions. Field studies 
under cold winter conditions are necessary for Canada and particularly Northern British 
Columbia where the samples used for this study were obtained. The average temperature in the 
winter in Northern British Columbia is about ‒10 °C (Destination BC Corp., 2017). Based on 
these prevailing conditions, it is vital that biodegradation systems can be optimized for low 
temperatures, as increasing temperature artificially is not always practicable because of the 
excessive cost implications (Eriksson et al., 2003). 
 
 
 
Figure 5.17 Comparison of F2 fraction biodegradation in field-condition samples under controlled and 
uncontrolled temperature conditions (Error bars indicate standard deviations) 
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Figure 5.18 Comparison of F3 fraction biodegradation in field-condition samples under controlled and 
uncontrolled temperature conditions (Error bars indicate standard deviations) 
  
 
Figure 5.19 Comparison of total petroleum hydrocarbon (TPH), F2 and F3 fraction biodegradation in 
field-condition samples under controlled temperature conditions for the four experimental levels tested 
and control experiments (Error bars indicate standard deviations) 
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Table 5.10 Residual petroleum hydrocarbon concentrations in field-condition samples for controlled and uncontrolled temperature experiments 
Initial petroleum hydrocarbon concentration in field samples (mg kg-1) 
 
TPH 
SD for 
TPH F2 
SD for 
F2 F3 
SD for 
F3 
 
 9963 169 2979 26 6983 161  
  Residual PHC in field samples after bioremediation treatment (mg kg-1) 
  
Uncontrolled 
Temperature 
 
Controlled 
Temperature 
Comparison Experiment 
No. TPH F2 F3   TPH F2 F3 
1 4212 249 3964 
 
4771 159 4612 
7 4279 310 3969 
 
4351 152 4199 
12 4407 395 4012 
 
1643 51 1592 
14 4084 341 3743   2028 53 1975 
 
 
Table 5.11 Degradation rate constants for field-condition samples under controlled and uncontrolled temperature conditions 
Comparison Rhamnolipid Sawdust Nutrients Treatment Degradation Rate Constant (d-1)   Degradation Rate Constant (d-1) 
Experiment  Amount  (%, w/w) (C:N:P:K) Method Uncontrolled Temperature 
 
Controlled Temperature 
No. (mg)       TPH F2 F3 
 
TPH F2 F3 
1 None None None Integrated 0.0172 0.0497 0.0113 
 
0.0147 0.0586 0.0083 
7 2.125 4 100:14:2:2 Integrated 0.0169 0.0453 0.0113 
 
0.0166 0.0595 0.0102 
12 12.5 6 100:4:1:1 Two-step 0.0163 0.0404 0.0111 
 
0.0360 0.0814 0.0296 
14 50 2 100:10:1:1 Two-step 0.0178 0.0434 0.0125   0.0318 0.0807 0.0253 
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Figure 5.20 Comparison of total petroleum hydrocarbon (TPH), F2 and F3 fraction biodegradation in 
field-condition samples under uncontrolled temperature conditions for the four experimental levels 
tested and control experiments (Error bars indicate standard deviations) 
 
Figure 5.21 Comparison of total petroleum hydrocarbon (TPH), F2 and F3 fraction biodegradation 
under controlled and uncontrolled temperature conditions for the four experimental levels tested and 
control experiments (Error bars indicate standard deviations) 
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5.4. Conclusion  
 In this study, the following were investigated for their effect on rate and extent of TPH, 
F2 and F3 biodegradation: frequency of biosurfactant addition, frequency of nutrient addition, 
different nutrient ratios, days of oxygen exposure, field-condition samples versus prepared 
laboratory samples and controlled temperature versus uncontrolled winter temperatures. 
 Through the addition of 12.5 mg of rhamnolipid biosurfactant at different experimental 
levels, the efficiency of multiple additions of rhamnolipid biosurfactants was examined. It 
was observed that an increase in the frequency of addition of biosurfactant, in general, led 
to either a decrease in performance of PHC degradation or a similar efficiency of PHC 
removal. Frequent addition of biosurfactants will potentially lead to elevated amounts of 
biosurfactants if the rate of biodegradation or utilization of the biosurfactants does not meet 
up with the rate of addition. The performance of biodegradation is not enhanced by the 
excessive addition of rhamnolipid biosurfactant. This observation has both economic and 
environmental importance on bioremediation field applications. 
 The results of experiments conducted to show the influence of different nutrient ratios and 
frequency of nutrient addition suggested that nitrogen source used as nutrient supplement 
plays a key role in the degree of PHC degradation. The nutrient source impacts the 
optimum nutrient ratio and the effect of frequency of addition of same on biodegradation. 
Interestingly, in the design of this experiment, the impact of the nitrogen source utilized 
relative to the two conditions tested was not one of the objectives, however, it turns out to 
be a substantial part of the discussion and interpretation of the results. With the 
observations made in this experiment, further research is required that compares more than 
one nitrogen supplement based on the nitrogen form, on TPH degradation, looking at the 
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same parameters tested in this experiment (nutrient ratio and frequency of nutrient 
addition). 
 The observations made on the nutrient experiments point to the need to plan biodegradation 
experiments that will adequately balance growth of microorganism through nutrient 
stimulation and the production of biosurfactants. Balance is needed between nitrogen 
limiting conditions that favor biosynthesis of biosurfactants and nitrogen sufficient 
conditions that favour the growth of the microorganisms.  
 Oxygen availability significantly impacts the rate and extent of biodegradation. Limited 
availability of oxygen, however, does not preclude noticeable PHC biodegradation. This is 
a major advantage for biodegradation set-ups where oxygen may be limited.  
 With prepared laboratory samples, the extent and rate of PHC degradation are higher than 
with field-condition samples despite the use of the same base soil and similar treatment 
conditions. According to Szulc et al. (2014), a valid strategy in bioremediation is the use of 
the same soil type for bench-scale tests before the results are extended to field studies. It is 
essential to carry out tests that simulate field conditions in biodegradation. Achieving good 
results in the field similar to those achieved in the laboratory is, however, one of the major 
difficulties encountered when designing bioremediation strategies (García Frutos et al., 
2012).  
 Substantial rates of biodegradation can be achieved at low temperatures when other 
optimum conditions for biodegradation are available. The presence of specialized 
microorganisms may significantly alter the degradation rates of hydrocarbons in low-
temperature conditions. Pelletier et al., (2004) observed that low temperatures of 3‒4 °C 
did not show any obvious effect on hydrocarbon-degrading microorganisms and the 
bioremediation process with the addition of various fertilizers. 
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This study showed that for effective bioremediation, the four parameters investigated, 
have significant impacts on not only the rate of PHC biodegradation, but also on the 
environmental and financial implications. These factors significantly impact the field 
applications of bioremediation and the proliferation of this method as a viable treatment 
method for petroleum hydrocarbon contaminants. The applicability of biosurfactants and 
nutrients in bioremediation cannot be denied, however, at high concentrations, these factors 
can have a diminishing effect on bioremediation and can be potentially damaging to the 
microbial consortium. 
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CHAPTER 6: Overall Discussion and Conclusions 
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6.1 Theme summary- Biosurfactants 
A prominent theme of the current work is biosurfactants. The present thesis has 
reviewed and investigated various functions and attributes of biosurfactants. Biosurfactants 
were introduced in Chapter 1, and reviewed in-depth in Chapter 2 for their potentials in 
environmental sustainability, and efforts to ensure their large-scale production using renewable 
substrates and optimized production process. A review of the advantages of biosurfactants, 
their mode of action, and application in environmental bioremediation is given in the second 
part of Chapter 2. 
In Chapter 3, the efficiency of biosurfactants (particularly rhamnolipid) in 
biosurfactant-enhanced soil washing was investigated. The results were consistent with 
previous results in the literature of the ability of rhamnolipids to increase solubilization of 
hydrocarbons at concentrations above the critical micelle concentration. Chapter 4 went further 
to evaluate the application of rhamnolipids in bioremediation of drill cuttings and petroleum-
contaminated soil. The rates of biodegradation using microorganisms observed from the results 
were variable. This we attribute to the use of freshly contaminated samples which influences 
the bioavailability of hydrocarbon fractions to microorganisms, thus impacting biosurfactant 
efficiency. Some of the results depict the usefulness of rhamnolipid in increasing 
bioavailability of contaminants. The results further reveal that when contaminants are readily 
available in contaminated media, such as freshly contaminated soils, rhamnolipid efficiency is 
reduced. The potential of rhamnolipid-enhanced soil washing and rhamnolipid-mediated 
biodegradation as a combined treatment approach for bioremediation and bioreclamation of 
hydrocarbon-contaminated soils and drill cuttings were, however, confirmed. 
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Finally, in Chapter 5, the effect of frequent addition of biosurfactants was examined. 
From the observed results, continuous addition of biosurfactants beyond the optimum 
concentration or the effective concentration has minimal or less than desirable results in 
enhancing the rate and extent of bioremediation. Addition of biosurfactants at the optimum 
concentration is sufficient to reduce PHC concentrations in contaminated soils. These results 
are important as it cautions against the excessive use of biosurfactants. This insight in the 
application of biosurfactants in environmental remediation will ensure both their 
environmental sustainability and economic viability.  
6.2 General summary 
Petroleum-contaminated soils and drill cuttings pose a major waste management 
problem to the petroleum industry owing to the volume generated, and the organic and 
inorganic contaminants content. This study sought to propose a treatment procedure aimed at 
reduction of hydrocarbon pollutants in the waste streams. One of the most extensively used 
biological methods for cleaning up of hydrocarbon-contaminated sites is bioremediation. The 
effectiveness of microbial biodegradation is, however, limited by low bioavailability of 
hydrocarbons to microorganisms and extended treatment time. Thus, biosurfactants are used to 
improve the efficiency of bioremediation by enhancing the accessibility of contaminants to 
microorganisms. With increasing environmental awareness to protect the ecosystem and 
subsequent emphasis on sustainable environments, biosurfactants have been identified as an 
environmental-friendly and biocompatible alternative. 
Rhamnolipid-enhanced soil washing and rhamnolipid-mediated biodegradation 
experiments were investigated as a combined approach of reducing petroleum hydrocarbon 
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contaminants in both waste streams to levels below CCME regulatory standards. The ultimate 
objective was to contribute to research on the possibility of practical and safe re-use of treated 
samples in various applications. 
In Chapter 3, the effectiveness of rhamnolipid in reducing TPH concentration in drill 
cuttings and PCS through soil washing was evaluated. TPH reduction of 76.8% and 58.5% was 
achieved in the study for drill cuttings and PCS respectively despite the application of the same 
test parameters. This shows that the effectiveness of soil washing is affected by the interactions 
between the contaminant and the soil, the type of hydrocarbon being removed, and the soil 
type. Optimal rhamnolipid washing conditions for drill cuttings were observed as temperature 
of 23.5 °C (room temperature), rhamnolipid concentration of 500 mg L-1, washing time of 30 
min, stirring speed of 100 rpm and S/S ratio of 1:1. Optimal rhamnolipid washing conditions 
for TPH reduction in PCS was observed at a temperature of 23.5 °C (room temperature), 
rhamnolipid concentration of 500 mg L-1, washing time of 30 min, stirring speed of 200 rpm 
and S/S ratio of 4:1. 
Chapter 4 focused on bioremediation of PCS and drill cuttings. TPH degradation as 
high as 94.9% and 82.6% were recorded in petroleum-contaminated soil and drill cuttings 
respectively after treatment for 50 days. F2 fraction degradation in PCS and drill cuttings were 
observed as 98.8% and 94.9% while F3 fraction degradation was recorded as 94.0% and 59.5% 
in PCS and drill cuttings respectively. Some observations and conclusions drawn are: 
 Bioaugmentation with contaminated soils confirmed to have hydrocarbon-degrading 
microorganisms was found to be an effective and practical bioaugmentation approach. The 
rationale for bioaugmentation is that the introduction of allochthonous microorganisms will 
increase the extent and rate of contaminant biodegradation when indigenous microorganisms 
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cannot degrade hydrocarbons (Leahy and Colwell, 1990), and this has been achieved based on 
degradation rates observed particularly for drill cuttings that lacked hydrocarbon-degrading 
microorganisms.  
Chapter 5 examined four vital factors that impact field applications of bioremediation 
for their effect on TPH, F2 and F3 fraction biodegradation. The factors were frequency of 
addition of biosurfactant; nutrient ratio and frequency of nutrient addition; days of exposure to 
oxygen; and field-condition samples and ambient temperature. Conclusions drawn include: 
 Excessive addition of biosurfactants had less than desirable effect on biodegradation. 
Results showed that increasing the frequency of addition of biosurfactant did not 
significantly increase the extent of biodegradation, with the caveat that the initial 
concentration of biosurfactant used in the biodegradation set-up was the effective 
concentration required for optimum biodegradation. The effective concentration for 
rhamnolipid in the present thesis had been determined in phase 1 of the present thesis 
(Chapter 3) before the same was applied to phase 2 and phase 3 of the thesis (Chapter 4 and 
5 respectively). It was observed that at high concentrations, biosurfactants may have 
inhibitory effects on biodegradation. We agree with previous research that emphasizes the 
need for laboratory research prior to field application, and caution in the excessive 
application of biosurfactants, with the aim of speeding up biodegradation rate. Numerous 
papers have reported the many advantages of biosurfactants. These have also been 
highlighted in the present thesis. A few papers have raised the need for caution and 
research with biosurfactants (Thavasi et al., 2011). It is worthy of note that these results do 
not take away from the undeniable environmental benefits and versatility of biosurfactants. 
 The studies on nutrient ratio and frequency of nutrient addition demonstrated that 
biodegradation is decreased when the nutrient ratio is above optimum, and when there is an 
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excessive addition of nutrient, leading to high nutrient concentration. The nutrient source 
used potentially impacts the effect of nutrient addition at different ratios and frequency. 
Further studies are recommended on the possibilities of specific nitrogen sources inhibiting 
biodegradation and biosurfactant production. 
 The results of the study on the effect of days of oxygen exposure on TPH biodegradability 
are promising for field applications in locations of limited oxygen availability. TPH 
degradation recorded for samples sealed with rubber cork and waterlogged from ‘Day 0’ 
were 56.7% and 59.8% respectively after 50 days, compared to 93.6% for samples exposed 
to air from ‘Day 0’. While the level of degradation recorded were lower than TPH 
degradation in the presence of oxygen, the results indicate that degradation can be achieved 
in oxygen-limiting conditions, provided other factors that enhance biodegradation are 
available. It was observed that degradation was considerably higher for F2 fraction in the 
experiments with limited oxygen, but low for F3 fraction. This is an indication that long-
chain hydrocarbons will biodegrade at a much slower rate in oxygen-limiting conditions. 
 The uncontrolled temperature smaller scale mesocosm experiments and the controlled 
temperature experiments using field-condition samples presented interesting results. F3 
fraction degradation was higher in lower temperature at an average of ‒7.46 °C than at an 
average temperature 22.8 ° C with the integrated method. This is an indication that cold-
adapted microorganisms capable of enhanced degradation of F3 fraction may be present. 
This is an area that should be explored further. Furthermore, the experiments conducted 
with laboratory prepared samples showed significantly higher rate of biodegradation than 
experiments conducted with field-condition samples. This result is evidence of the 
challenge of effectively applying observations made in the laboratory in field applications 
of bioremediation. The results, however, show that rhamnolipid-enhanced biodegradation 
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can be applied successfully in field contaminated soils, although, with conservative 
expectations of obtaining the same results in the field. 
Overall, the results from this study show promising applications of rhamnolipid-enhanced 
washing and rhamnolipid-enhanced bioremediation as a combined approach for PHC 
reduction.  
6.3 Research limitations 
This study used two sample types: PCS and drill cuttings. In Chapter 3, the effect of 
soil washing on the reduction of F2, F3 and F4 fractions were examined. However, in Chapter 
4, PHC degradation was only investigated for F2 and F3 fractions because the initial F4 
fraction concentrations were low and significantly below regulatory standards in both samples. 
As a result, a limitation of this study is that the treatment processes proposed may not be 
optimum for samples with high concentrations of F4 fraction.  
Furthermore, the washing solution collected in this study potentially had considerable 
hydrocarbon concentrations and may require treatment. An important step following soil 
washing is the treatment of the soil washing solution before final disposal. Treatment of the 
solution recovers the biosurfactants and removes the petroleum hydrocarbon contaminants 
(Trellu et al., 2016). This area was not considered in the present thesis but is, however, 
identified as an important area for future research to provide a holistic view of what this 
approach entails regarding efficiency and cost-effectiveness. 
Furthermore, this study did not continuously monitor the rate of biodegradation. Thus, 
the rate of degradation was only computed after the treatment period. Intermittent monitoring 
of biodegradation may be necessary to understand better the efficiency of the process, and the 
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period where high biodegradation rates were observed. Such information will prove useful in 
designing highly efficient bioremediation experiments. 
6.4 Identified areas for future research 
Future research which characterizes the bacterial strains involved in the biodegradation 
process of the contaminated samples will considerably improve the efficiency of 
bioremediation because the rate of biodegradation by the various microorganisms differs. In 
addition, the likelihood of identifying cold-adapted microorganisms that may have affinity for 
specific hydrocarbon fractions presents exciting potentials for low-temperature biodegradation. 
By evaluating the biodegradation capability of such bacterial strains, the more efficient 
microorganisms can be selected, and conditions aimed at their proliferation can be more 
specific (Ghoreishi et al., 2017).  
In soil washing, the ability to recover and reuse the biosurfactant solution (for 
biosurfactants that are not labile) will be advantageous both environmentally and economically 
(Christofi and Ivshina, 2002). Soil washing solution contains hydrocarbons that should be 
treated before disposal. This a major concern in the industry (Huguenot et al., 2015). The 
advantage is that the biosurfactants are not contaminants of concern in the solutions. We, 
therefore, identify that an interesting area of research will be to find environmentally friendly 
techniques of treating hydrocarbons in washing solutions and recovering the biosurfactants for 
re-application in the field. 
Finally, research that continuously measures biodegradation rates in line with 
temperature fluctuations observed in the winter months is recommended as an area for future 
research. The hydrocarbon-degrading microorganisms should also be monitored consistently 
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with temperature fluctuations. Such small-scale mesocosm experiments will potentially aid 
identification of microorganisms that are best suited for low-temperature biodegradation and 
also provide more insight on the effect of fluctuating winter temperatures on biodegradation of 
polluted media in Canada and northeastern British Columbia specifically.  
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APPENDIX I 
T-test analysis of effect of frequency of rhamnolipid-biosurfactant addition on total petroleum hydrocarbon biodegradation of petroleum-contaminated 
soil 
Level N Mean Standard 
Std. 
Error 
Degree 
of  Difference 95% Confidence T-
Value 
P-
Value 
Deviation Mean Freedom Estimate Interval 
None 2 93.175 0.739 0.52 3 -0.418 (-1.704) - (0.868) -1.04 0.377 
Once 3 93.594 0.143 0.083 
None 2 93.175 0.739 0.52 
3 0.252 (-1.161) - (1.665) 0.57 0.610 
Twice 3 92.923 0.285 0.16 
None 2 93.175 0.739 0.52 
3 -0.003 (-1.655) - (1.650) 0.00 0.996 
Thrice 3 93.178 0.460 0.27 
None 3 93.175 0.739 0.52 
3 -0.328 (-1.832) - (1.177) -0.69 0.538 
Four Times 3 92.848 0.359 0.21 
Once 3 93.594 0.143 0.083 
4 0.67 (0.159) - (1.182) 3.64 0.022 
Twice 3 92.923 0.285 0.16 
Once 3 93.594 0.143 0.083 
4 0.416 (-0.357) - (1.188) 1.49 0.209 
Thrice 3 93.178 0.460 0.27 
Once 3 93.594 0.143 0.083 
4 -0.746 (-1.366) - (-0.127) -3.34 0.029 
Four Times 3 92.848 0.359 0.21 
Twice 3 92.923 0.285 0.16 
4 0.255 (-0.613) - (1.123) 0.81 0.461 
Thrice 3 93.178 0.460 0.27 
Twice 3 92.923 0.285 0.16 
4 -0.076 (-0.811) - (0.660) -0.29 0.789 
Four Times 3 92.848 0.359 0.21 
Thrice 3 93.178 0.460 0.27 
4 -0.33 (-1.266) - (0.605) -0.98 0.382 
Four Times 3 92.848 0.359 0.21 
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APPENDIX II 
 T-test analysis of effect of frequency of rhamnolipid-biosurfactant addition on F2 fraction biodegradation of petroleum-contaminated soil 
Level N Mean Standard 
Std. 
Error 
Degree 
of  Difference 95% Confidence T-
Value 
P-
Value 
Deviation Mean Freedom Estimate Interval 
None 2 98.049 0.661 0.47 3 0.738 (-1.484) - (2.959) 1.06 0.368 
Once 3 97.311 0.812 0.47 
None 2 98.049 0.661 0.47 
3 0.169 (-1.488) - (1.826) 0.32 0.767 
Twice 3 97.880 0.519 0.3 
None 2 98.049 0.661 0.47 
3 0.264 (-1.660) - (2.189) 0.44 0.692 
Thrice 3 97.785 0.663 0.38 
None 3 98.049 0.661 0.47 
3 0.151 (-1.000) - (1.302) 0.42 0.704 
Four Times 3 98.200 0.130 0.075 
Once 3 97.311 0.812 0.47 
4 -0.569 (-2.113) - (0.975) -1.02 0.364 
Twice 3 97.880 0.519 0.3 
Once 3 97.311 0.812 0.47 
4 -0.474 (-2.154) - (1.207) -0.78 0.478 
Thrice 3 97.785 0.663 0.38 
Once 3 97.311 0.812 0.47 
4 0.889 (-0.429) - (2.207) 1.87 0.134 
Four Times 3 98.200 0.130 0.075 
Twice 3 97.880 0.519 0.3 
4 -0.095 (-1.445) - (1.254) -0.20 0.854 
Thrice 3 97.785 0.663 0.38 
Twice 3 97.880 0.519 0.3 
4 0.32 (-0.538) - (1.178) 1.04 0.359 
Four Times 3 98.200 0.130 0.075 
Thrice 3 97.785 0.663 0.38 
4 0.415 (-0.668) - (1.499) 1.06 0.347 
Four Times 3 98.200 0.130 0.075 
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APPENDIX III 
T-test analysis of effect of frequency of rhamnolipid-biosurfactant addition on F3 fraction degradation of petroleum-contaminated soil 
Level N Mean Standard 
Std. 
Error 
Degree 
of  Difference 95% Confidence T-
Value 
P-
Value 
Deviation Mean Freedom Estimate Interval 
None 2 91.055 0.774 0.55 3 -0.921 (-2.352) - (0.510) -2.05 0.133 
Once 3 91.977 0.254 0.15 
None 2 91.055 0.774 0.55 
3 0.288 (-1.267) - (1.844) 0.59 0.597 
Twice 3 90.767 0.362 0.21 
None 2 91.055 0.774 0.55 
3 -0.119 (-1.877) - (1.640) -0.21 0.844 
Thrice 3 91.174 0.501 0.29 
None 3 91.055 0.774 0.55 
3 -0.536 (-2.409) - (1.337) -0.91 0.429 
Four Times 3 90.519 0.569 0.33 
Once 3 91.977 0.254 0.15 
4 1.21 (0.500) - (1.919) 4.74 0.009 
Twice 3 90.767 0.362 0.21 
Once 3 91.977 0.254 0.15 
4 0.803 (-0.098) - (1.703) 2.48 0.069 
Thrice 3 91.174 0.501 0.29 
Once 3 91.977 0.254 0.15 
4 -1.457 (-2.457) - (-0.458) -4.05 0.016 
Four Times 3 90.519 0.569 0.33 
Twice 3 90.767 0.362 0.21 
4 0.407 (-0.583) - (1.397) 1.14 0.317 
Thrice 3 91.174 0.501 0.29 
Twice 3 90.767 0.362 0.21 
4 -0.248 (-1.329) - (0.834) -0.64 0.560 
Four Times 3 90.519 0.569 0.33 
Thrice 3 91.174 0.501 0.29 
4 -0.655 (-1.870) - (0.561) -1.50 0.209 
Four Times 3 90.519 0.569 0.33 
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APPENDIX IV 
 
T-test analysis of effect of days of oxygen exposure on total petroleum hydrocarbon biodegradation of petroleum-contaminated soil 
Level N Mean Standard Std. Error Degree of  Difference 95% Confidence T-Value P-Value 
Deviation Mean Freedom Estimate Interval 
Rubber Cork 
0 days 3 56.72 1.19 0.58 4 -12.92 (-17.67) - (-8.17) -7.55 0.002 
5 days 3 69.640 2.720 1.6 
0 days 3 56.72 1.19 0.58 
4 -32.524 (-34.925) - (-30.124) -37.62 0.000 
15 days 3 89.243 0.915 0.53 
0 days 3 56.72 1.19 0.58 
4 -36.875 (-38.788) - (-34.961) -53.51 0.000 
50 days 3 93.594 0.143 0.083 
5 days 3 69.640 2.720 1.6 
4 19.61 (15.01) - (24.20) 11.85 0.000 
15 days 3 89.243 0.915 0.53 
5 days 3 69.640 2.720 1.6 
4 23.96 (19.59) - (28.32) 15.25 0.000 
50 days 3 93.594 0.143 0.083 
15 days 3 89.243 0.915 0.53 
4 -4.35 (-5.835) - (-2.865) -8.13 0.001 
50 days 3 93.594 0.143 0.083 
Waterlogged 
0 days 3 59.8 4.580 2.6 4 -10.26 (-19.37) - (-1.15) -3.13 0.035 
5 days 3 70.06 3.370 1.9 
0 days 3 59.8 4.580 2.6 
4 -31.47 (-39.09) - (-23.85) -11.47 0.000 
15 days 3 91.27 1.29 0.74 
0 days 3 59.8 4.580 2.6 
4 -33.8 (-41.14) - (-26.46) -12.79 0.000 
50 days 3 93.594 0.143 0.083 
5 days 3 70.06 3.370 1.9 
4 21.21 (15.43) - (26.99) 10.19 0.001 
15 days 3 91.27 1.29 0.74 
5 days 3 70.06 3.370 1.9 
4 23.54 (18.14) - (28.94) 12.10 0.000 
50 days 3 93.594 0.143 0.083 
15 days 3 91.27 1.29 0.74 
4 -2.325 (-4.403) - (-0.248) -3.11   0.036 
50 days 3 93.594 0.143 0.083 
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APPENDIX V 
T-test analysis of effect of days of oxygen exposure on F2 fraction biodegradation of petroleum-contaminated soil 
Level N Mean Standard Std. Error Degree of  Difference 95% Confidence T-Value P-Value 
Deviation Mean Freedom Estimate Interval 
Rubber Cork 
0 days 3 91.220 1.800 1 4 -1.07 (-4.56) - (2.42) -0.85 0.443 
5 days 3 92.290 1.230 0.71 
0 days 3 91.220 1.800 1 
4 -4.62 (-7.64) - (-1.60) -4.24 0.013 
15 days 3 95.841 0.567 0.33 
0 days 3 91.220 1.800 1 
4 -6.09 (-9.25) - (-2.93) -5.35 0.006 
50 days 3 97.311 0.812 0.47 
5 days 3 92.290 1.230 0.71 
4 3.548 (1.374) - (5.722) 4.53 0.011 
15 days 3 95.841 0.567 0.33 
5 days 3 92.290 1.230 0.71 
4 5.018 (2.653) - (7.383) 5.89 0.004 
50 days 3 97.311 0.812 0.47 
15 days 3 95.841 0.567 0.33 
4 -1.471 (-3.058) - (0.116) -2.57 0.062 
50 days 3 97.311 0.812 0.47 
Waterlogged 
0 days 3 91.45 1.880 1.1 4 -1.28 (-5.01) - (2.45) -0.95 0.395 
5 days 3 92.73 1.370 0.79 
0 days 3 91.45 1.880 1.1 
4 -5.83 (-8.85) - (-2.81) -5.37 0.006 
15 days 3 97.2784 0.0756 0.044 
0 days 3 91.45 1.880 1.1 
4 -5.86 (-9.15) - (-2.58) -4.96 0.008 
50 days 3 97.311 0.812 0.47 
5 days 3 92.73 1.370 0.79 
4 4.551 (-2.349) - (6.753) 5.74 0.005 
15 days 3 97.2784 0.0756 0.044 
5 days 3 92.73 1.370 0.79 
4 4.584 (2.029) - (7.139) 4.98 0.008 
50 days 3 97.311 0.812 0.47 
15 days 3 97.2784 0.0756 0.044 
4 -0.033 (-1.340) - (1.274) -0.07 0.947 
50 days 3 97.311 0.812 0.47 
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APPENDIX VI 
T-test analysis of effect of days of oxygen exposure on F3 fraction biodegradation of petroleum-contaminated soil 
Level N Mean 
Standard Std. Error Degree of  Difference 95% Confidence T-
Value 
P-Value 
Deviation Mean Freedom Estimate Interval 
Rubber Cork 
0 days 3 41.710 1.030 0.59 4 -18.07 (-23.75) - (-12.40) -8.84 0.001 
5 days 3 59.780 3.390 2 
0 days 3 41.710 1.030 0.59 
4 -44.662 (-47.176) - (-42.149) -49.33 0.000 
15 days 3 86.370 1.180 0.68 
0 days 3 41.710 1.030 0.59 
4 -50.265 (-51.962) - (-48.569) -82.25 0.000 
50 days 3 91.977 0.254 0.15 
5 days 3 59.780 3.390 2 
4 26.59 (20.84) - (32.34) 12.83 0.000 
15 days 3 86.370 1.180 0.68 
5 days 3 59.780 3.390 2 
4 32.19 (26.75) - (37.64) 16.41 0.000 
50 days 3 91.977 0.254 0.15 
15 days 3 86.370 1.180 0.68 
4 -5.603 (-7.545) - (-3.661) -8.01 0.001 
50 days 3 91.977 0.254 0.15 
Waterlogged 
0 days 3 46.03 5.800 3.3 4 -14.16 (-25.68) - (-2.65) -3.42 0.027 
5 days 3 60.19 4.240 2.4 
0 days 3 46.03 5.800 3.3 
4 -42.62 (-52.39) - (-32.85) -12.11 0.000 
15 days 3 88.65 1.88 1.1 
0 days 3 46.03 5.800 3.3 
4 -45.95 (-55.25) - (-36.64) -13.71 0.000 
50 days 3 91.977 0.254 0.15 
5 days 3 60.19 4.240 2.4 
4 28.46 (21.03) - (35.89) 10.64 0.000 
15 days 3 88.65 1.88 1.1 
5 days 3 60.19 4.240 2.4 
4 31.78 (24.98) - (38.59) 12.97 0.000 
50 days 3 91.977 0.254 0.15 
15 days 3 88.65 1.88 1.1 
4 -3.32 (-6.36) - (-0.28) -3.04 0.039 
50 days 3 91.977 0.254 0.15 
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APPENDIX VII 
Anderson-Darling Normality test for experiments evaluating effect of frequency of 
biosurfactant addition on PHC degradation 
PHC FRACTION Level A2 P-value 
TPH 
None N/A N/A 
Once 0.22 0.513 
Twice 0.23 0.475 
Three-times 0.19 0.623 
Four Times 0.19 0.609 
F2 Fraction 
None N/A N/A 
Once 0.20 0.589 
Twice 0.25 0.426 
Three-times 0.29 0.307 
Four Times 0.26 0.398 
F3 Fraction 
None N/A N/A 
Once 0.48 0.058 
Twice 0.35 0.178 
Three-times 0.42 0.102 
Four Times 0.19 0.625 
N/A = Not Available due to insufficient data 
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APPENDIX VIII 
Anderson-Darling Normality test for experiments evaluating effect of days of oxygen exposure 
on PHC degradation 
PHC FRACTION Parameter Level A2 P-value 
TPH 
Waterlogged 
0 Days 0.25 0.425 
5 Days 0.31 0.265 
15 Days 0.33 0.212 
50 Days 0.22 0.513 
Rubber Cork 
0 Days 0.20 0.566 
5 Days 0.39 0.128 
15 Days 0.48 0.062 
50 Days 0.22 0.513 
F2 Fraction 
Waterlogged 
0 Days 0.20 0.578 
5 Days 0.36 0.164 
15 Days 0.31 0.263 
50 Days 0.20 0.589 
Rubber Cork 
0 Days 0.48 0.061 
5 Days 0.21 0.54 
15 Days 0.39 0.131 
50 Days 0.20 0.589 
F3 Fraction 
Waterlogged 
0 Days 0.27 0.347 
5 Days 0.30 0.280 
15 Days 0.34 0.203 
50 Days 0.48 0.058 
Rubber Cork 
0 Days 0.23 0.49 
5 Days 0.43 0.09 
15 Days 0.34 0.205 
50 Days 0.48 0.058 
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APPENDIX IX  
Anderson-Darling Normality test for experiments evaluating effect of ratio and frequency of 
nutrient addition on PHC degradation 
PHC FRACTION Parameter Level A2 P-value 
TPH 
100:4:1:1 
None 0.25 0.421 
Once 0.32 0.225 
Twice 0.38 0.14 
Thrice 0.29 0.288 
100:14:2:2 
None  0.25 0.421 
Once 0.22 0.513 
Twice 0.19 0.608 
Thrice 0.20 0.604 
F2 Fraction 
100:4:1:1 
None 0.44 0.083 
Once 0.41 0.113 
Twice 0.20 0.568 
Thrice 0.20 0.583 
100:14:2:2 
None  0.44 0.083 
Once 0.20 0.589 
Twice 0.45 0.081 
Thrice 0.20 0.568 
F3 Fraction 
100:4:1:1 
None 0.23 0.504 
Once 0.27 0.360 
Twice 0.41 0.109 
Thrice 0.21 0.532 
100:14:2:2 
None  0.23 0.504 
Once 0.48 0.058 
Twice 0.32 0.228 
Thrice 0.20 0.579 
 
 
 
 
 
